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87/17/2087 CHEGftl 08090907 881641 89998436 
cn it. IPS? 450.80 Dft 



-l- 



I. REAL PARTY IN INTEREST 

The real party in interest is Genentech, Inc., South San Francisco, California, by an 
assignment of the parent application, U.S. Patent Application Serial No. 09/941,992 recorded 
November 16, 2001, at Reel 012176 and Frame 0450. 

II. RELATED APPEALS AND INTERFERENCES 

The claims pending in the current application are directed to a polypeptide referred to 
herein as "PROl 112." There exist two related patent applications, (1) U.S. Patent Application 
Serial No. 09/989,328, now Patent No. 7, 056, 736, issued 06-06-2006 (containing claims 
directed to nucleic acids encoding PROl 112 polypeptides), and (2) U.S. Patent Application 
Serial No. 09/992,643, filed November 14, 2001 (containing claims directed to PROl 112 
polypeptides). Related U.S. Patent Application Serial No. 09/992,643 application is also under 
final rejection by the same Examiner, and based upon the same outstanding rejections, is being 
appealed independently and concurrently herewith. 

HI. STATUS OF CLAIMS 

Claims 1 19-123 are in this application. 
Claims 1-118 and 124 have been canceled. 

Claims 1 19-123 stand rejected and Appellants appeal the rejection of these claims. 

IV. STATUS OF AMENDMENTS 

A summary of the prosecution history for this case is as follows: 
Previously, in response to a Final Office Action mailed on August 19, 2005, a Notice of 
Appeal was filed on November 17, 2005 and an Appeal Brief was filed on February 13, 2006. 
An Examiner's Answer was mailed on May 9, 2006, and an RCE Response with additional 
references and affidavits supporting Appellants' arguments was filed on June 30, 2006. Two 
Final Office Actions were mailed on September 27, 2006 and October 13, 2006, and a Notice of 
Appeal was filed March 13, 2007. 

No claim amendments have been submitted after the last final rejection of October 13, 

2006. 

A copy of the rejected claims in the present Appeal is provided as Appendix VII. 
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V. SUMMARY OF CLAIMED SUBJECT MATTER 

The invention claimed in the present application is related to an isolated antibody and 
antibody fragments that specifically binds to the polypeptide of SEQ ID NO: 207 (Claim 119), 
referred to in the present application as "PROl 112." The invention is further directed to 
monoclonal antibodies (Claim 120),. humanized antibodies (Claim 121), antibody fragments 
(Claim 122) and labeled antibodies (Claim 123) that specifically bind to the polypeptide of SEQ 
ID NO: 207. The PROl 112 gene was shown for the first time in the present application to be 
significantly amplified in human lung and colon cancers as compared to normal, non-cancerous 
human tissue controls (Example 170). 

Support for the preparation and uses of antibodies is found throughout the specification, 
including, for example, pages 390-395. The preparation of antibodies is described in 
Example 144, while Example 145 describes the use of the antibodies for purifying the 
polypeptides to which they bind. Isolated antibodies are defined in the specification at page 315, 
line 31. Support for monoclonal antibodies is found in the specification at, for example, 
page 390, line 17, to page 392, line 3. Support for humanized antibodies is found in the 
specification at, for example, page 392, line 4, to page 393, line 6. Support for antibody 
fragments is found in the specification at, for example, page 314, line 30 onwards. Support for 
labeled antibodies is found in the specification at, for example, page 316, lines 3. 

The amino acid sequence of the native "PROl 112" polypeptide and the nucleic acid 
sequence encoding this polypeptide (referred to in the present application as "DNA57702-1476") 
are shown in the present specification as SEQ ID NOs: 207 and 206, respectively, and in 
Figures 135 and 134, described on pages 294, lines 10-13. The full-length PROl 112 polypeptide 
having the amino acid sequence of SEQ ID NO: 207 is described in the specification at, for 
example, on page 17 and pages 127-128 and the isolation of cDNA clones encoding PROl 1 12 of 
SEQ ED NO: 207 is described in Example 57, page 449 of the specification. 

Finally, Example 170, in the specification at page 539, line 19, to page 555, line 5, sets 
forth a 'Gene Amplification assay 1 which shows that the PROl 1 12 gene is amplified in the 
genome of certain human lung and colon cancers (see Table 9A, page 550-551). The profiles of 
various primary lung and colon tumors used for screening the PRO polypeptide compounds of 
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the invention in the gene amplification assay are summarized on Table 8, page 546 of the 
specification. 

VI. GROUNDS OF REJECTION TO BE REVIEWED ON APPEAL 

1 . Whether Claims 1 19-123 satisfy the utility/ enablement requirement under 35 
U.S.C. §§101/112, first paragraph. 

VII. ARGUMENTS 
Summary of the Arguments: 
Issue 1: Utility/ Enablement 

As a preliminary matter, Appellants note that the Examiner refers to the microarray assay 
in several instances in several Office Actions, and cites references like Lilley et aL, King et aL, 
Wildsmith et aL, Chen et aL etc. which use and analyze the microarray assay. On the other hand, 
Appellants rely upon the gene amplification data of the PROl 1 12 gene for patentable utility of 
the PROl 112 polypeptides and their antibodies in the present application, and would like to 
distinguish between the gene amplification and the microarray assay. The gene amplification 
assay measures the level at which a certain gene (i.e. DNA) is amplified in the genome, whereas 
the microarray assay measures the level of expression of a mRNA encoding for a certain 
polypeptide in a sample. Throughout prosecution, the Examiner fails to distinguish between 
these two techniques, but Appellants submit that the two assays, although similar, are not the 
same. Appellants would like to bring to the Examiner's attention a recent decision in a 
microarray case by the Board of Patent Appeals and Interferences (Decision on Appeal No. 
2006-1469). In its decision, the Board reversed the utility rejection, acknowledging that "there is 
a strong correlation between mRNA levels and protein expression, and the Examiner has not 
presented any evidence specific to the PR01866 polypeptide to refute that." (Page 9). 
Appellants submit that, in the instant application, the Examiner has likewise not presented any 
evidence specific to the PROl 1 12 polypeptide to refute Applicant's assertion of a correlation 
between DNA levels, mRNA levels and protein expression. Appellants add that they analyze the 
microarray assay only in response to the Examiner's cited references. 

Appellants rely upon the gene amplification data of the PROl 112 gene for patentable 

i 

utility of the PROl 112 polypeptides and their antibodies. This data is clearly disclosed in the 
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instant specification in Example 170 which discloses that the gene encoding PROl 1 12 showed 
significant amplification, ranging from 2.196 fold to 3.364-fold amplification in seven lung 
tumors and the 2.092 fold to 4.807-fold amplification in twelve out of fifteen colon tumors . 
Appellants have submitted, in their Response filed August 4, 2005, a Declaration by Dr. Audrey 
Goddard, which explains that a gene identified as being amplified at least 2 -fold by the disclosed 
gene amplification assay in a tumor sample relative to a normal sample is useful as a marker for 
the diagnosis of cancer , and for monitoring cancer development and/or for measuring the 
efficacy of cancer therapy. Therefore, such a gene is useful as a marker for the diagnosis of lung 
or colon cancer , and for monitoring cancer development and/or for measuring the efficacy of 
cancer therapy. 

Appellants have also submitted, in their Responses filed June 25, 2004, and June 30, 
2006, ample evidence to show that, in general, if a gene is amplified in cancer, it is more likely 
than not that the encoded protein will be expressed at an elevated level. For instance, the articles 
by Orntoft et al. 9 Hyman et aL, and Pollack et al collectively teach that in general gene 
amplification increases mRNA expression . Second, the Declarations of Dr. Paul Polakis: 
(Polakis I and II), shows that, in general there is a correlation between mRNA levels and 
polypeptide levels . Third, Appellants further submit that even if there were no correlation 
between gene amplification and increased mRNA/protein expression, (which Appellants 
expressly do not concede to), a polypeptide encoded by a gene that is amplified in cancer would 
still have a specific, substantial, and credible utility. Appellants submit that, as evidenced by the 
Ashkenazi Declaration and the teachings of Hanna and Mornin (both made of record in 
Appellants' Response filed June 25, 2004), simultaneous testing of gene amplification and gene 
product over-expression enables more accurate tumor classification , even if the gene-product, the 
protein, is not over-expressed. This leads to better determination of a suitable therapy for the 
tumor, as demonstrated by a real-world example of the breast cancer marker HER-2/neu. 

Appellants further note that the sale of gene expression chips to measure mRNA levels is 
a highly successful business, with a company such as Affymetrix recording 168.3 million dollars 
"in sales of their GeneChip arrays in 2004. Clearly, the research community believes that the 
information obtained from these chips is useful (i.e., that it is more likely than not informative of 
the protein level). Therefore, as a general rule, one skilled in the art would find it more likely 
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than not that PROl 1 12 and antibodies binding to the PROl 112 polypeptides are useful as a 
diagnostic tools for detecting lung or colon tumors. 

Accordingly, Appellants submit that when the proper legal standard is applied, one 
should reach the conclusion that the present application discloses at least one patentable utility 
for the claimed PROl 112 polypeptides and its antibodies thereof. Accordingly, one of ordinary 
skill in the art would also understand how to make and use the recited antibodies for the 
diagnosis of lung or colon cancer without any undue experimentation. 

These arguments are all discussed in further detail below under the appropriate headings. 

Response to Rejections 

ISSUE 1. Claims 119-123 are Supported by a Credible, Specific and Substantial Asserted 
Utility, and Thus Meet the Utility Requirement of 35 U.S.C. $101 and the "How to Use 
Prong" of the Enablement Requirement of 35 U.S.C. $112, First Paragraph 

The sole basis for the Examiner's rejection of Claims 1 19-123 under these sections is that 
the data presented in Example 170 of the present specification is allegedly insufficient under 
applicable legal standards to establish a patentable utility under 35 U.S.C. §101 for the presently 
claimed subject matter, and further, since a patentable utility has not been established, one would 
not know how to use the claimed invention. 

Appellants strongly disagree and respectfully traverse the rejection. 

A. The Legal Standard For Utility Under 35 U.S.C. $101 

According to 35 U.S.C. §101: 

Whoever invents or discovers any new and useful process, machine, manufacture, 
or composition of matter, or any new and useful improvement thereof, may obtain 
a patent therefor, subject to the conditions and requirements of this title. 
(Emphasis added). 

In interpreting the utility requirement, in Brenner v. Manson, 1 the Supreme Court held 
that the quid pro quo contemplated by the U.S. Constitution between the public interest and the 
interest of the inventors required that a patent Applicant disclose a "substantial utility" for his or 

2 

her invention, i.e., a utility "where specific benefit exists in currently available form." The 

1 Brenner v. Manson, 383 U.S. 519, 148 U.S.P.Q. (BNA) 689 (1966). 

2 Id. at 534, 148 U.S.P.Q. (BNA) at 695. 
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Court concluded that "a patent is not a hunting license. It is not a reward for the search, but 
compensation for its successful conclusion. A patent system must be related to the world of 

3 

commerce rather than the realm of philosophy." 

Later, in Nelson v. Bowler* the C.C.P.A. acknowledged that tests evidencing 
pharmacological activity of a compound may establish practical utility, even though they may 
not establish a specific therapeutic use. The Court held that "since it is crucial to provide 
researchers with an incentive to disclose pharmaceutical activities in as many compounds as 
possible, we conclude adequate proof of any such activity constitutes a showing of practical 

5 

utility." 

In Cross v. Iizuka^ the C.A.F.C. reaffirmed Nelson, and added that in vitro results might 
be sufficient to support practical utility, explaining that "m vitro testing, in general, is relatively 
less complex, less time consuming, and less expensive than in vivo testing. Moreover, in vitro 
results with the particular pharmacological activity are generally predictive of in vivo test results, 

i.e., there is a reasonable correlation there between." The Court perceived, "No insurmountable 
difficulty" in finding that, under appropriate circumstances, "in vitro testing, may establish a 

8 

practical utility." 

The case law has also clearly established that Appellants 1 statements of utility are usually 

9 

sufficient, unless such statement of utility is unbelievable on its face. The PTO has the initial 



3 Id. at 536, 148 U.S.P.Q. (BNA) at 696. 

4 Nelson v. Bowler, 626 F.2d 853, 206 U.S.P.Q. (BNA) 881 (C.C.P.A. 1980). 

5 Id. at 856, 206 U.S.P.Q. (BNA) at 883. 

6 Cross v. Iizuka, 753 F.2d 1047, 224 U.S.P.Q. (BNA) 739 (Fed. Cir. 1985). 

7 Id. at 1050, 224 U.S.P.Q. (BNA) at 747. 

8 

Id. 

9 In re Gazave, 379 F.2d 973, 154 U.S.P.Q. (BNA) 92 (C.C.P.A. 1967). 
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10 

burden to prove that Appellants' claims of usefulness are not believable on their face. In 
general, an Appellant's assertion of utility creates a presumption of utility that will be sufficient 
to satisfy the utility requirement of 35 U.S.C. §101, "unless there is a reason for one skilled in 

11 12 

the art to question the objective truth of the statement of utility or its scope." ' 

13 

Compliance with 35 U.S.C. §101 is a question of fact. The evidentiary standard to be 
used throughout ex parte examination in setting forth a rejection is a preponderance of the 

14 

totality of the evidence under consideration. Thus, to overcome the presumption of truth that 
an assertion of utility by the Appellant enjoys, the Examiner must establish that it is more likely 
than not that one of ordinary skill in the art would doubt the truth of the statement of utility. 
Only after the Examiner made a proper prima facie showing of lack of utility, does the burden of 
rebuttal shift to the Appellant. The issue will then be decided on the totality of evidence. 

• The well established case law is clearly reflected in the Utility Examination Guidelines 

("Utility Guidelines")/ 5 which acknowledge that an invention complies with the utility 
requirement of 35 U.S.C. §101, if it has at least one asserted "specific, substantial, and credible 
utility" or a "well-established utility." Under the Utility Guidelines, a utility is "specific" when 
it is particular to the subject matter claimed. For example, it is generally not enough to state that 
a nucleic acid is useful as a diagnostic without also identifying the conditions that are to be 
diagnosed. 

In explaining the "substantial utility" standard, M.P.E.P. §2107.01 cautions, however, 
that Office personnel must be careful not to interpret the phrase "immediate benefit to the 

i 

10 . 

Ibid. 

" In re Longer, 503 F.2d 1380,1391, 183 U.S.P.Q. (BNA) 288, 297 (C.C.P.A. 1974). 

12 See also In re Mies, 628 F.2d 1322, 206 USPQ 885 (C.C.P.A. 1980); In re Irons, 340 F.2d 974, 144 
USPQ 351 (1965); In re Sichert, 566F.2d 1154, 1159, 196 USPQ 209, 212-13 (C.C.P.A. 1977). 

13 Raytheon v. Roper, 724 F.2d 951, 956, 220 U.S.P.Q. (BNA) 592, 596 (Fed. Cir. 1983) cert, denied, 469 
US 835 (1984). 

14 In re Oetiker, 977 F.2d 1443, 1445, 24 U.S.P.Q.2d (BNA) 1443, 1444 (Fed. Cir. 1992). 

15 66 Fed. Reg. 1092(2001). 
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public" or similar formulations used in certain court decisions to mean that products or services 
based on the claimed invention must be "currently available" to the public in order to satisfy the 
utility requirement. "Rather, any reasonable use that an applicant has identified for the invention 
that can be viewed as providing a public benefit should be accepted as sufficient, at least with 

1 6 

regard to defining a 'substantial utility.'" Indeed, the Guidelines for Examination of 

17 

Applications for Compliance With the Utility Requirement, gives the following instruction to 
patent examiners: "If the Applicant has asserted that the claimed invention is useful for any 
particular practical purpose . . . and the assertion would be considered credible by a person of 
ordinary skill in the art, do not impose a rejection based on lack of utility." 

B. Proper Application of the Legal Standard 

Appellants submit that the evidentiary standard to be used throughout ex parte 
examination of a patent application is a preponderance of the totality of the evidence under ' 
consideration. Thus, to overcome the presumption of truth that an assertion of utility by the 
Appellant enjoys, the Examiner must establish that it is more likely than not that one of ordinary 
skill in the art would doubt the truth of the statement of utility. Only after the Examiner has 
made a proper prima facie showing of lack of utility, does the burden of rebuttal shift to the 
Appellant. 

Appellants respectfully submit that the data presented in Example 170 starting on page 
539 of the specification and the cumulative evidence of record support a "specific, substantial 
and credible" asserted utility for the presently claimed invention. 

Patentable utility for the PROl 1 12 polypeptides and theti antibodies is based upon the 
gene amplification data for the gene encoding the PROl 1 12 polypeptide of SEQ ID NO: 207. 
Example 170 describes the results obtained using a very well-known and routinely employed 
polymerase chain reaction (PCR)-based assay, the TaqMan PCR assay, also referred to herein 
as the gene amplification assay. This assay allows one to quantitatively measure the level of 
gene amplification in a given sample, say, a tumor extract, or a cell line. It was well known in 



16 M.P.E.P. §2107.01. 

17 M.P.E.P. §2107 11(B)(1). 
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the art at the time the invention was made that gene amplification is an essential mechanism for 
oncogene activation. Appellants isolated genomic DNA from a variety of primary cancers and 
cancer cell lines that are listed in Table 9 (pages 539 onwards of the specification), including 
primary colon cancers of the type and stage indicated in Table 8 (page 546). The tumor samples 
were tested in triplicates with Taqman™ primers and with internal controls, beta-actin and 
GADPH in order to quantitatively compare DNA levels between samples (page 548, lines 33- 
34). As a negative control, DNA was isolated from the cells of ten normal healthy individuals, 
which was pooled and used as a control (page 539, lines 27-29) and also, no-template controls 
(page 548, lines 33-34). The results of TaqMan™ PCR are reported in ACt units, as explained in 
the passage on page 539, lines 37-39. One unit corresponds to one PCR cycle or approximately 
a 2-fold amplification, relative to control, two units correspond to 4-fold, 3 units to 8-fold 
amplification and so on. Using this PCR-based assay, Appellants showed that the gene encoding 
for PROl 112 was amplified, that is, it showed approximately 1.135-1 .775 ACt units which 
corresponds to 2 1 - 135 -2 1-775. fold amplification or 2.196 fold to 3.364-fold amplification in 
seven lung tumors and 1.065-2.265 ACt units which corresponds to 2 1 - 065 -2 2.265. fo^ 
amplification or 2.092 fold to 4.807-fold amplification in twelve out of fifteen colon tumors. 

Appellants submitted a Declaration by Dr. Audrey Goddard which provides a statement 
by an expert in the relevant art that "fold amplification" values of at least 2-fold are considered 
significant in the TaqMan™ PCR gene amplification assay. Appellants particularly draw the 
Board's attention to page 3 of the Goddard Declaration which clearly states that: 

It is further my considered scientific opinion that an at least 2-fold increase in 
gene copy number in a tumor tissue sample relative to a normal (i.e., non-tumor) 
sample is significant and useful in that the detected increase in gene copy number 
in the tumor sample relative to the normal sample* serves as a basis for using 
relative gene copy number as quantitated by the TaqMan PCR technique as a 
diagnostic marker for the presence or absence of tumor in a tissue sample of 
unknown pathology. Accordingly, a gene identified as being amplified at least 2- 
fold by the quantitative TaqMan PCR assay in a tumor sample relative to a normal 
sample is useful as a marker for the diagnosis of cancer, for monitoring cancer 
development and/or for measuring the efficacy of cancer therapy. (Emphasis 
added). 

Accordingly, the 2.196 fold to 3.364-fold amplification in seven lung tumors and the 

2.092 fold to 4.807-fold amplification in twelve out of fifteen colon tumors would be considered 
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significant and credible by one skilled in the art, based upon the facts disclosed in the Goddard 
Declaration. 

Further, as discussed in detail below, Appellants have provided ample evidence in the 
form of articles from the art, like Orntoft et al, Hyman et aL, Pollack et al, and over a 100 
references (see Evidence List items 14-145) and Declarations by experts in the field of oncology 
and gene expression, i.e.: the Declarations by Dr. Paul Polakis (I and II) and by Dr. Avi 
Ashkenazi , to show that, in general, if a gene is amplified in cancer, it is "more likely than not" 
that the encoded protein will also be expressed at an elevated level. 

C. A prima facie case of lack of utility has not been established 

As discussed above, the increase in DNA copy number for the PROl 1 12 gene is 
significant. Further, the evidentiary standard to be used throughout ex parte examination of a 
patent application is a preponderance of the totality of the evidence under consideration. Thus, 
to overcome the presumption of truth that an assertion of utility by the applicant enjoys, the 
Examiner must establish that it is more likely than not that one of ordinary skill in the art would 
doubt the truth of the statement of utility. 

Accordingly, it is not a legal requirement to establish a necessary correlation between an 
increase in the copy number of the DNA and protein expression levels that would correlate to the 
disease state or that it is imperative to find evidence that DNA amplification is " necessarily " or 
"always" associated with overexpression of the gene product. Appellants respectfully submit 
that when the proper evidentiary standard is applied, a correlation must be acknowledged. Only 
after the Examiner has made a proper prima facie showing of lack of utility, does the burden of 
rebuttal shift to the Applicant. 

Previously, the Examiner has indicated based on references Pennica et al, Konopka et 
al and Haynes et al to show that gene amplification data cannot reliably predict protein levels. 
Appellants have argued the references in great detail throughout prosecution, and these 
arguments are incorporated by reference herein for brevity. Appellants summarize the rejections 
and the arguments submitted below. 

The teachings of Pennica et al are specific to WISP genes, a specific class of closely 
related molecules. Pennica et al showed that there was good correlation between DNA and 
mRNA expression levels for the WISP-1 gene but not for WISP-2 and WISPS genes. WISPs 1- 
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3 have no structural relationship to the PROl 112 polypeptides of the present application. The 
apparent finding that for two out of three specific molecules, that are related to each other but 
have no relationship to PROl 112, there was no correlation between gene amplification and the 
■level of mRNA/protein expression does not establish, in general, that it is more likely than not 
that such correlation does not exist, and has no bearing whatsoever on determining the question 
whether such correlation is likely to exist between PROl 112 gene amplification and 
mRNA/protein expression levels. As discussed above, the standard is not absolute certainty . 
Pennica et al has no teaching whatsoever about the correlation of gene amplification and protein' 
expression for genes in general or PROl 1 12 or related molecules in particular. 

Similarly, in Konopka et al, the Examiner has generalized a very specific result disclosed 
by Konopka et al to cover all genes. Konopka et al actually state that "[p]rotein expression is 
not related to amplification of the abl gene but to variation in the level of bcr-ab\ mRNA 

produced from a single Ph 1 template." (See Konopka et al ., Abstract, emphasis added). The 
paper does not teach anything whatsoever about the correlation of protein expression and gene 
amplification in general and provides no basis for the generalization that apparently underlies 
the present rejection. The statement of Konopka et al that "[p]rotein expression is not related to 
amplification of the abl gene ..." is not sufficient to establish a prima facie case of lack of 
utility. Therefore, the combined teachings of Pennica et al and Konopka et al are not directed 
towards genes in general but to a single gene or genes within a single family and thus, their 
teachings cannot support a general conclusion regarding correlation between gene amplification 
and mRNA or protein levels. In addition, the abl gene has no structural relationship to the 
PROl 112 gene of the present application and thus Konopka et al provides no information of 
specific relevance to the question whether for PROl 112 there is a reasonable expectation that 
correlation between gene amplification and mRNA/protein expression levels is likely to exist. 

The Examiner also cited Haynes et al to show that transcript levels and protein levels do 
not correlate. However, Appellants had shown that Haynes themselves admit that " there was a 
general trend, although no strong correlation between protein [expression] and transcript levels" 
(see Figure 1 and page 1863, paragraph 2.1, last line). Therefore, when the proper legal standard 
is used, Haynes clearly supports the Appellants' position that in general, a positive correlation 
exists between mRNA and protein expression levels . Since accurate prediction is not the 
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standard , a prima facie case of lack of utility has not been met based on the cited references 
Pennica et aL, Konopka et al and Haynes et al Appellants respectfully submit that, contrary to 
the Examiner's assertion, none of the cited reference conclusively establish a prima facie case 
for lack of utility for the PRO 1112 molecule. 

Appellants have already discussed references Hu et aL, et aL, Chen et aL, Lian et aL, 

* 

Fessler et aL, in great detail in their previous responses (see Appeal brief filed February-13, 
2006), and these arguments are hereby incorporated by reference for brevity. 

Briefly, the analytical methods utilized by Hu et aL have certain statistical drawbacks, as 
the authors themselves admit, and Hu et al.'s conclusions only apply to a specific type of breast 

i 

tumor (estrogen receptor (ER)-positive breast tumor) and cannot be generalized to breast cancer 
genes in general, let alone to cancer genes in general. 

Regarding Lian et aL, Appellants respectfully submit that Lian et aL only teach that 
protein expression may not correlate mRNA level in differentiating myeloid cells, and not about 
genes in general . In fact, the authors themselves admit that there were a number of problems 
with their data . For instance, at page 520 of this article, the authors explicitly express their 
concerns regarding the methods they utilized and the interpretation of their data stating that 
" [t]hese data must be considered with several caveats: membrane and other hydrophobic proteins 
and very basic proteins are not well displayed by the standard 2DE approach, and proteins 
presented at low level will be missed. In addition, to simplify MS analysis, we used a Coomassie 
dve stain rather than silver to visualize proteins, and this decreased the sensitivit y of detection of 
minor proteins, " (Emphasis added). Besides, Lian et al.'s conclusions are based on the 
Coomassie dye staining method, which is not a very sensitive method of measuring protein. 

Similarly, in Fessler et al. , examined lipopoysaccharide-activated neutrophilia, in 
response to LPS stimulation. Fessler et aL also used the Coomassie Blue dye staining method, 
and concede that it is known to have a limited protein binding range and a non-linear curve for 
protein detection. Protein identification in their study was also done using two-dimensional 
PAGE, which is, by their own admission, limited only to well-resolved regions of the gel and 
therefore, may have performed less well with hydrophobic and high molecular w eight proteins 
(see page 31301, col. 1). 
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In addition, Chen et ah also concede that there are problems with 2D gel protein 
detection and therefore, cannot accurately predict protein levels . For instance, Chen et al. says 
that, "(i)t is apparent that without prior enrichment only a relatively small and highly selected 
population of long-lived, highly expressed proteins is observed. There are many more proteins in 
a given cell which are not visualized by such methods. Frequently it is the low abundance 
proteins that execute key regulatory functions " (page 1870, col. 1, emphasis added). Thus, Chen 
et al., concede that by selecting proteins visualized by 2D gels/they are likely to have excluded 
in their analysis many key regulatory proteins which could be candidate cancer markers. 

Further, the microarray analysis provided by Chen et al. in fact support the Appellants 
general proposition that, even if protein levels cannot be accurately predicted (which is not 
required by the utility standard), in the majority of the proteins studied, it is most likely than not 
that an increase in gene amplification or mRNA levels generally correlates well with increased 
protein levels. In Table 1, which lists 66 genes [the paper incorrectly states there are 69 genes 
listed] for which only one protein isoform is expressed, Chen et al show that 40 genes out of 66 
had a positive correlation between mRNA expression and protein expression , which clearly 
meets the standard for "more likely than not". Similarly, in Table II , 22 genes out of 30 [again 
the paper incorrectly states there are 29] and at least one isoform showed a positive correlation 
between mRNA expression and protein expression. Furthermore, 12 genes out of 29 showed a 
strong positive correlation [as determined by the authors] for at least one isoform. Therefore, the 
authors of the Chen paper clearly agreed that microarrays provided a reliable measure of the 
expression levels of the gene and could be used to identify genes whose overexpression is 

■A 

associated with tumors. 

In summary, Hu et ai, Lian et al Chen et al., and Fessler et al. do not conclusively teach 
that, in general, protein levels cannot be accurately predicted from mRNA/ gene amplification 
levels. These authors concede that either due to insensitive protein detection methods or due 
their methodologies utilized in their protocols, some protein species may have been 
underrepresented over others. Therefore, the teachings of these references cannot be relied upon 
to establish a prima facie showing of lack of utility. On the other hand, as noted even in Haynes 
et al. and Chen et al, most genes showed a positive correlation between increased gene 
amplification, mRNA and translated protein. 
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Alberts and Lewin et ai (Items 15 and 16 of the Evidence List) 

The Examiner acknowledges that " the teachings of Alberts and Lewin (which) disclose 
that initiation of transcription is a common point for a cell to regulate the gene expression" but 
asserts that "it is not the only means of regulating gene expression". (Final Office Action of 

September 27, 2006). 

Appellants respectfully disagree and submit that the utility standard is not absolute 
certainty. Therefore, Appellants do not need to establish that the production of RNA is 
inevitably equated with production of protein in order to meet the utility standard. Instead, as 
long as it is more likely than not that a change of the transcription level of a gene gives rise to a 
change in translation level of a gene, the utility standard is met. 

Meric et al (Item 92 of the Evidence List) 

The Examiner asserts that Meric teaches that "gene expression is quite complicated and is 
also regulated at the level of mRNA stability, mRNA translation, and protein stability" (Final 
Office Action of September 27, 2006). 

Appellants respectfully submit that Meric simply summarizes the translation regulation of 
cancer cells. Meric indicates that translation initiation is regulated in response to nutrient 
availability and mitogenic stimulation and is coupled with cell cycle progression and cell growth. 

4 

Meric further discusses that alteration in translation control occur in cancer. For example, 
variant mRNA sequences can alter the translational efficiency of individual mRNA molecule. 
(See Abstract). Meric further teaches that the changes of the translational efficiency of a mRNA 
transcript depend on the mutation of a specific mRNA sequence. (Page 973, column 2 to . 
page 91556, column 1). Meric never suggest that the translation of a cancer gene is suppressed 
in cancer in general and therefore, an increased mRNA levels will not yield an increased protein 
levels. To the contrary, Meric teaches that the translation efficiency of a number of cancer genes 
is enhanced in cancer cells compared to its normal counterpart. For instance, in patient with 
multiple myeloma, a C-T mutation in the c-myc IRES was identified and found to cause an 
enhanced initiation of translation. (Page 91556, column 1). Therefore, the level of proteins 
encoded by these genes increases in cancer cells at an even higher magnitude than the mRNA 
level. 
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Appellants emphasize that it is not a legal requirement to establish an absolute correlation 
between an increase in the mRNA level and protein expression levels that would correlate to the 
disease state nor is it imperative to find evidence that protein levels can be accurately predicted. 
Therefore, the Examiner has misinterpreted the teaching of Meric and applied improperly high 
evidentiary standard. Therefore, the Examiner has failed to establish a prima facie showing of 
lack of utility. 

Godbout et al (Item 46 of Evidence List) 

The Examiner asserts that of the references cited by Appellants in their IDS filed June 30, 
2006, only "Godbout is drawn to the predictability of protein levels based upon genomic DNA 
amplification" (Final Office Action of October 13, 2006). 

Appellants respectfully submit that, as discussed in the RCE response of June 30, 2006, 
there are several other references; for instance, Bea et al investigated gene amplification, mRNA 
expression, and protein expression of the putative oncogene BMI-1 in human lymphoma 

w 

samples, and supports Appellants' assertion that gene amplification is correlated with both 
increased mRNA and protein expression. 

The Examiner further asserts that unlike Godbout et al, the instant specification does not 
teach structure/ function analysis and the Examiner questions whether the level of genomic 
amplification of DDX1 gene is comparable to the disclosed PROl 112. 

Appellants respectfully submit that it was never claimed that PROl 1 12 is similar in any 
way to the DDX1 gene of Godbout et al; in fact the Godbout reference was submitted to show 
good correlation between protein levels based upon genomic DNA amplification, which the 
Examiner clearly agrees with. Structure/ function data, which the Examiner requests, is not a 
requirement for the utility requirement, hence this rejection is improper. 

Lilley et aU King et al and Wildsmith et al 

The Examiner cites Lilley et al to show that "the extrapolation that changes in transcript 
level will also result in corresponding changes in protein amount or activity cannot always be 
made!" (Final Office Action of September 27, 2006). 

Appellants repeat that it is not a legal requirement for utility, to establish a necessary 
correlation between an increase in the mRNA level and protein expression levels, or to show that 
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changes in transcript level should always result in corresponding changes in protein amount or 
activity. Accordingly, the question is not whether a correlation between an increase in mRNA 
and protein expression levels always exists, rather if it is more likely than not that a person of 
ordinary skill in the pertinent art would recognize such a positive correlation. Nowhere in the 
Lilley paper does the author suggest that it is more likely than not that altered mRNA levels 
does not correlate with altered protein levels. On the contrary, the statement that "changes in 
transcript level will also result in corresponding changes in protein amount or activity cannot 
always be made" implies that the mRNA/protein correlation exists in most cases. 

The Examiner cites King et al to show that "mRNA levels do not necessarily correlates 
with protein levels." (Final Office Action of September 27, 2006). 

First of all, Appellants note that the instant application is not directed to the microarray 
assay as in King et al. . As discussed above, the utility standard is not absolute certainty. 
Therefore, Appellants should not be required to show a "necessary correlation" between mRNA 
and protein levels in order to establish a patentable utility. King never indicates that it is more 
likely than not that a general correlation between the mRNA and protein levels for a gene does 
not exist, this paper alone does not suffice to establish a prima facie showing of lack of utility. 

Appellants also note that the author discussed numerous advantages of the microarray 
technology, which offers tremendous advantages in the study of human diseases. For instance, 
on page 2287, the author states that " microarrays can be expected to prove extremely valuable 
as tools for the study of the generic basis of complex diseases. The ability to measure expression 

profiles across entire genomes provides a level of information not previously attainable 

Microarrays make it possible to investigate differential gene expression in normal vs. diseased 
tissue, in treated vs. non-treated tissue, and in different stages during the natural course of the 
disease, all on a genomic scale. Gene expression profiles may help to unlock the molecular basis 

of phenotype, response to treatment, and heterogeneity of disease " Therefore, if anything, 

the King reference supports the use of the microarray in the diagnosis of human diseases, which 
silently assumes that, most probably, increases in mRNA levels correlate well with increases in 
protein levels which in turn impacts disease. 

Similarly, Wildsmith never indicated that it is more likely than not that a general 
correlation between the mRNA and protein levels for a gene does not exist. Therefore, this paper 
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is not sufficient to establish a prima facie showing of lack of utility. In fact, the Wildsmith paper ' 
discusses examples of a number of successes of microarray applications in the detection of 
human diseases (see Page 284). For instance, the author has pointed out that "one area of rapid 
progress using microarray technology is the increased understanding of cancer. Molecular 
pathologies are subgrouping cancers of tissues such as blood, skin, and breast, based on 
differential gene expression patterns. For example, within a small group of breast cancer tissue 
samples, Perou et al. distinguished two broad subgroups representing those expressing or 
alternatively lacking expression of the oestrogen receptor- y- gene. The work was not 
conclusive, but never has progress in this field been so rapid when compared with the previous 
methods of gene amplification. Another example of the impact of this technology is in the 
identification of two biomarkers for prostate cancer, namely hepsin and PIM1 (Dhanasekaran et 
al, 2001). Microarray technology has also accelerated the understanding of the molecular events 
surrounding pulmonary fibrosis. Specially, two distinct clusters of genes associated with 
imflammation and fibrosis have been identified in a disease where, for years, the pathogenesis 
and treatment have remained unknown (Katsuma et al, 2001)." 

Therefore, collectively, the references Lilley- et al , Wildsmith et al , and King et al 
references cited by the Examiner show that the art indicates that, generally, if a mRNA is 
overexpressed in cancer, it is more likely than not that the encoded protein will also be expressed 
at an elevated level. 

Madoz Gurpide et al. and Celis et al. 

The Examiner cites Madoz-Gurpide et al and Celis et al to show that one cannot 
accurately predict protein levels based on mRNA levels (made of record by the Examiner in the 
Final Office Action mailed September 27, 2006). 

Madoz-Gurpide et al explains that mRNA expression alone does not provide 
information regarding the "activation state, post-translational modification or localization of 
corresponding proteins" (emphasis added; page 168, col. 1). That is, Madoz-Gurpide et al 
explain that mechanisms are not apparent from mRNA expression alone. Madoz Gurpide et al 
further state that, it is "unclear" how well the reported RNA levels correlate with protein levels. 
In support of this assertion, the authors cite only a single reference, namely, the Chen et al, 
which was discussed above and in detail in the Appeal Brief filed February 13, 2006. Madoz 

-18- 

On Appeal to the Board of Patent Appeals and Interferences 

Appellants' Brief 
Application Serial No. 09/990,436 
Attorney's Docket No. 39780-2730 P1C14 



Gurpide et al also acknowledge that the DNA microarray studies, such as those carried out by 
Beer et al (specifically cited by the authors at page 52), "justify the use of this technology for 
uncovering patterns of gene expression that are clinically informative" (emphasis added; 
page 53). Thus, while Madoz-Gurpide et al note that it is "more difficult to develop an 
understanding of disease at a mechanistic level using DNA microarrays," (emphasis added; 
page 53), Appellants respectfully point out that that "understanding of a disease at the 
mechanistic. level" is not relevant to Appellants' assertions of utility, as discussed above. 
Accordingly, a prima facie case cannot be made based on the teachings within the Madoz- 
Gurpide et al reference. 

Like Madoz-Gurpide et al, Celis et al discuss that mechanisms are not apparent from 
mRNA expression alone. Celis et al note that "proteomics addresses problems that cannot be 
approached by DNA analysis, namely, relative abundance of the protein product, post- 
radiational modification, subcellular localization, turnover, interaction with other proteins as 
well as functional aspects" (page 6, col. 2). However, in their discussion, Celis et al cite Orntoft 
et al (Item 103 of Evidence List) and note that "in most cases there was a good correlation 
between transcript and protein levels." Celis et al further explain that those few cases which 
showed apparent discrepancies may have been due to other causes, such as post-transcriptional 
processing or degradation of the protein, or the choice of methods used to assess protein 
expression levels. Celis et al further note that the observation that there is often more change in 
mRNAs as compared to the proteins may be due to the fact that current technologies detect 
mainly high abundance proteins, while most of the changes affecting protein levels may involve 
low abundance proteins. Thus, the correlation between mRNA and protein levels may be even 
higher than typically observed, given these factors. Celis et al explain that proteomics is useful 
in combination with arrays "for the entire process of drug development and evaluation." (page 6; 
col. 1). Appellants further submit that significant correlations between gene and protein 
expression are most likely to be observed for genes associated with cancer, since as Celis et al 
note, "transformation resulted in the abnormal expression of normal genes, rather than in the 
expression of new ones" (page 11, col. 1). Accordingly, alterations in gene amplification or 
expression are more likely to be associated with altered protein expression in the case of cancer 
than in other cases where DNA microarrays are used, because, as explained by Celis et al, the 
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alterations in expression levels of certain normal proteins are part of the process that leads to 
cancer. 

Accordingly, a prima facie case cannot be made based on the teachings within the Celis 
et al. reference. In fact, Appellants submit that, Celis et al support the Appellants contention 
that it is more likely than not that changes in mRNA levels reflect changes in protein levels, in 
general. 

Nagaraja et al., Waghray et al.* Saganaliev et al. 

The Examiner also asserts that "[comprehensive studies where significantly large 
numbers of transcripts and proteins were examined report that increases in mRNA and protein 
samples are not correlated." (Final Office Action of September 27, 2006). In support of this 
assertion, the Examiner cites three new references, by Nagaraja et al, Waghray et al, and 
Sagynaliev et al. 

The Examiner cites Nagaraja et al. as allegedly teaching that "the proteomic profiles 
indicated altered abundance of fewer proteins as compared to transcript profiles." (Final Office 
Action of September 27, 2006). 

Appellants respectfully submit that the fact that many more transcripts than proteins were 
found to be differentially expressed does not mean that most mRNA changes did not result in 
correlating protein changes, but merely reflects the fact that expression levels were only 
measured at all for many fewer proteins than transcripts . In particular, the total number of 
proteins whose expression levels could be visualized on silver-stained gels was only about 300 
(page 2332, col. 1), as compared to the approximately 14,500 genes on the microarray chips for 
which mRNA levels were measured (page 2336, col. 1). Since the expression levels of so many 
fewer proteins than transcripts were measured, it is hardly surprising that a smaller absolute 
number of proteins than mRNAs were found to be overexpressed, because the protein products 
of most of the overexpressed mRNAs would not have been among the small number of proteins 
identified on the gels. 

The Examiner next cites Waghray et al, to the effect that "for most of the proteins 
identified, there was no appreciable concordant change at the RNA level," and that "[t]he change 

in intensity for most of the affected proteins identified could not be predicted based on the level 

* 

of the corresponding RNA." (Final Office Action of September 27, 2006). Appellants reiterate 
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that they need only show that there is a correlation between mRNA and protein levels, such that 
mRNA overexpression generally predict protein overexpression. A showing that mRNA levels 
can be used to "accurately predict" the precise levels of protein expression is not required . 

Appellants also emphasize that Appellants are asserting that a measurable change in 
mRNA level generally leads to a corresponding change in the level of protein expression, not 
that changes in protein level can be used to predict changes in mRNA level. Waghrav et al did 
not take genes which showed significant mRNA changes and check the corresponding protein 
levels . Instead, the authors looked at a small and unrepresentative number of proteins, and 
checked the corresponding mRNA levels. Waghray et al acknowledge that only "[a] relatively 
small set of genes could be analyzed at the protein level, largely due to the limited sensitivity of 
2-D PAGE" (page 1337, col. 1). In particular, while the authors examined the expression levels 
of 16,570 genes (page 1329, col 2), they were able to measure the expression levels of only 
1031 proteins (page 1333, col. 2). Waghray etal does not teach that changes in mRNA 
expression were not correlated with changes in expression of the corresponding protein. All 
Waghray et al state is that "for most of the proteins identified, there was no appreciable 
concordant change at the mRNA level" (page 1337, col. 2). This statement is not relevant to 
Appellants' assertion of utility, since Appellants are not asserting that changes in mRNA levels 
are the only cause of changes in protein levels. Waghray et al do not contradict Appellants' 
assertion that changes in mRNA expression, in general, correspond to changes in expression of 
the corresponding protein. 

Lastly, the Examiner cites Sagynaliev et al, as allegedly teaching that "it is also difficult 
to reproduce transcriptomics results with proteomics tools." In particular, the Examiner notes 
that according to Sagynaliev et al, of 982 genes found to be differentially expressed in human 
CRC, only 177 (18%) have been confirmed using proteomics technologies. (Final Office Action 
of September 27, 2006). 

The Sagynaliev et al reference, titled " Web-based data warehouse on gene expression in 
human colorectal cancer" (emphasis added), drew conclusions based upon a literature s urvey of gene 
expression data published in human CRC , and not from experimental data. While a literature survey 
can be a useful tool to assist researchers, the results may greatly over-represent or under-represent 
certain genes, and thus the conclusions may not be generally applicable. In particular, Appellants 
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note that, as evidenced by Lian et al, Nagaraja et al, and Waghray et al, discussed above, the 
number of mRNAs examined in transcriptomics studies is typically much larger than the number of 
proteins examined in corresponding proteomics studies , due to the difficulties in detecting and 
resolving more than a small minority of all expressed proteins on 2D gels. Thus the fact that only 
18% of all genes found to be differentially expressed in human CRC have been confirmed using 
proteomics technologies does not mean that the corresponding proteins are not also differentially 
expressed, but is most likely due to the fact that the corresponding proteins were not identified on 2D 
gels, and thus their expression levels remain unknown. 

The authors of Sagynaliev et al acknowledge the many technical problems in finding 
proteomic data for CRC that can be matched to transcriptomic data to see if the two correlate. The 
authors state that "results have been obtained using heterogeneous samples in particular cell lines, 
whole tissue biopsies, and epithelial cells purified from surgical specimens." However, "Results 
obtained in cell lines do not allow accurate comparison between normal and cancer cells, and the 
presence/absence of proteins of interest has to be confirmed in biopsies." (Page 3072, left column.) 
In particular, the authors specifically note that "only a single study [1] provided differential display 
protein expression data obtained in the human patient, using whole tissue biopsy." (Page 3068, left 
column, second paragraph; see also, Table 2.) 

Appellants. further note that Table 2 shows that 6 out of 8 published proteomics studies were 
done using 2-D PAGE. However, the authors state that "2-D PAGE or 2-D DIGE have well-known 
technological limitations . . . even under well-defined experimental conditions, 2-D PAGE parallel 
analysis of paired CRC samples is hampered by a significant variability." (Page 3077, left column, 
third paragraph.) Therefore, Appellants respectfully submit that it is well known in the art that there 
are problems associated with selecting only those proteins detectable by 2D gels. 

Li et al. 

The Examiner cites new reference Li et al as teaching that "68.8% of the genes showing 
over-representation in the genome did not show elevated transcript levels." (Final Office Action 

of October 13, 2006). 

Appellants respectfully point out that Li et al acknowledge that their results differed 
from those obtained by Hyman et al and Pollack et al (of record), who found a substantially 
higher level of correlation between gene amplification and increased gene expression. The 
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authors note that "[t]his discordance may reflect methodologic differences between studies or 
biological differences between breast cancer and lung adenocarcinoma" (page 2629, col. 1). For 
instance, as explained in the Supplemental Information accompanying the Li article, genes were 
considered to be amplified if they had a copy number ratio of at least 1.40 . In the case of 
PROl 1 12, as discussed in previously filed responses and in the Goddard Declaration (of record), 
an appropriate threshold for considering gene amplification to be significant is a copy number of 
at least 2.0 (which is a higher threshold). The PROl 112 gene showed significant amplification 
of 2,196 fold to 3.364-fold amplification in seven lung tumors and 2.092 fold to 4.807-fold 
amplification in twelve out of fifteen colon tumors , and thus fully meets this standard. It is not 
surprising that, in the Li et al reference, by using a lower threshold of 1.4 for considering gene 
amplification, a higher number of genes not showing corresponding increases in mRNA 
expression were found. Nevertheless, the results of Li et al do not conclusively disprove that a 
gene with a substantially higher level of gene amplification, such as PROl 1 12 , would be 
expected to show a corresponding increase in transcript expression. 

Therefore, the Patent Office has failed to meet its initial burden of proof that Appellants' 
claims of utility are not substantial or credible. The arguments presented by the Examiner based 
on references Pennica et al, Konopka et al, Haynes et al, Hu et al, Chen et al, Li an et al, 
Fessler et al, Lilley et al, King et al, Wildsmith et al, Nagaraja et al, Sagynaliev et al } 
Waghray et al, Madoz-Gurpide et al, Celis et al, and Li et al, do not provide sufficient reasons 
to doubt the statements by Appellants that PROl 1 12 has utility as a diagnostic marker for colon 
cancer. Appellants once again remind the Examiner that only after the Examiner has made a 
proper prima facie showing of lack of utility, does the burden of rebuttal shift to the Appellant. 
Based on the above discussions, such a showing has not been made. Accordingly, the instant 
rejection should be withdrawn for the Examiner's lack of establishment of a prima facie 
showing. 

The Examiner also argues, based on the Hittelman reference, that "(t)he art recognizes 
that lung epithelium is at risk for cellular damage due to direct exposure to environmental 
pollutants and carcinogens, which result in aneuploidy before the epithelial cells turn 
cancerous... Hittelman teach that damaged, precancerous lung epithelium is often aneuploid." 
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Appellants submit that* even if the amplification of the PROl 112 gene were due to 
chromosomal aneuploidy (which Appellants expressly do not concede to), the art exemplified by 
the Hittelman et al reference still supports the Appellants' position for utility, because there is 
utility for an aneuploid gene at least as a marker for cancer or precancerous cells or damaged 
tissue . For example, Hittelman, who studied premalignant lung lesions, suggests that epithelial 
tumors develop through a multistep process driven by genetic instability (see Hittelman abstract). 
Hittelman showed that the same subset of molecular changes found in associated tumor were 
also found in premalignant lesions, suggesting that these premalignant lesions might represent 
precursor lesions for associated tumors. In other words, Hittelman suggests that cancer is a 
manifestation of a multistep tumorigenesis process (see Hittelman, page 4, last three lines). 
Therefore, contrary to the Examiner's interpretation, the Hittelman reference strongly supports 
the Appellants position in that the cited art makes clear that there is utility in identifying genetic 
biomarkers in epithelial tissues at cancer risk . For example, Hittelman clearly says that "it is 
important to identify individuals at significantly increased cancer risk who might best benefit 
from different types of intervention" (see page 2, fourth paragraph, line 3 and also the abstract, 
line 4-7 of Hittelman). Therefore, even if Appellants were to show that the observed PROl 1 12 
gene amplification were due to chromosomal aneuploidy (which Appellants do not contend to), 
identification of such a genetic biomarkers is a very important and useful step, according to 
Hittelman, in identifying individuals at significantly increased cancer risk. In fact, one skilled in 
the art would find it entirely reasonable from Hittelman tliat early detection of lung cancer would 
provide vital, advance information regarding risk assessment, prognosis and therapy for lung 
cancer. Accordingly, the PRO 1112 polynucleotides and the polypeptides that they encode, find 
utility at least as a diagnostic marker for individuals at risk of developing lung cancer, for the . 
reasons discussed above. Thus, a prima facie case for lack of utility has not been made based on 
the Hittelman reference. 

Moreover, Appellants acknowledge that, in certain instances, DNA/ mRNA and protein 
levels do not correlate. In fact, Appellants have included several such references directed 
towards a single gene or genes that lack a correlation in their IDS filed June 30, 2006. The 
references discussed in the Preliminary Amendment filed June 30, 2006, and the arguments 
therein are hereby incorporated by reference for brevity. The IDS included references that 
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studied single genes or gene families, multiple or large families of genes, and included studies 
that a wide variety of techniques, including gene amplification and microarray. Regardless of 
the techniques employed, by and large, increased genes/ transcripts levels mostly correlated with 
increased protein levels, even if accurate predictions of proteins could not be made . As 
discussed throughout prosecution, the law does not require the existence of a "necessary" 
correlation between DNA/mRNA and protein levels, or that protein levels be "accurately 
predicted." In fact, authors in several of the cited references (cited both, by the Examiner, and 
by Appellants) themselves acknowledge that there is a general correlation between protein 
expression and transcript levels and DNA levels, which meets the "more likely than not 
standard." 

In summary, Appellants maintain that even though there are certain instances where a 
correlation, between DNA/mRNA and protein levels do not exist, in most cases , there is 
generally good correlation between them, and this was collectively demonstrated in the more 
than 100 references submitted by the Appellants in the IDS filed June 30, 2006. 

D. The Gene Amplification Data Establishes Credible, Substantial and Specific 
Patentable Utility for the PRQ1112 Polypeptide and its Antibodies 

On the other hand, as discussed throughout prosecution, Appellants submit that Example 
170 of the specification further discloses that, "(a)mplification is associated with overexpression 
of the gene product, indicating that the polypeptides are useful targets f or therapeutic 
intervention in certain cancers such as lung, colon, breast and other cancers and diagnostic 
determination of the presence of those cancers" (Emphasis added). Appellants have also 
submitted ample evidence to show that, in general, if a gene is amplified in cancer, it is "more 
likely than not" that the encoded protein will also be expressed at an elevated level. 

Besides the reference, the Declaration by Dr. Paul Polakis (Polakis I - made of record in 
Appellants' Response filed June 25, 2004), principal investigator of the Tumor Antigen Project 
of Genentech, Inc., the assignee of the present application, explains that in the course of Dr. 
Polakis' research using microarray analysis, he and his co-workers identified approximately 200 
gene transcripts that are present in human tumor cells at significantly higher levels than in 
corresponding normal human cells. Appellants submit that Dr. Polakis' Declaration was 
presented to support the position that there is a correlation between mRNA levels and 
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polypeptide levels. The second Declaration by Dr. Polakis (Polakis II) presented evidentiary 
data in Exhibit B. Exhibit B of the Declaration identified 28 gene transcripts out of 31 gene 
transcripts (i.e., greater than 90%) that showed good correlation between tumor mRNA and 
tumor protein levels. As Dr. Polakis' Declaration (Polakis II) says "[a]s such, in the cases where 
we have been able to quantitatively measure both (i) mRNA and (ii) protein levels in both (i) 
tumor tissue and (ii) normal tissue, we have observed that in the vast majority of cases, there is a 
very strong correlation between increases in mRNA expression and increases in the level of 
protein encoded by that mRNA." Accordingly, Dr. Polakis has provided the facts to enable the 
Examiner to draw independent conclusions regarding protein data. Appellants further emphasize 
that the opinions expressed in the Polakis Declaration, including in the above quoted statement, 
are all based on factual findings. For instance, antibodies binding to about 30 of these tumor 
antigens were prepared and mRNA and protein levels were compared. In approximately 80% of 
the cases , the researchers found that increases in the level of a particular mRNA correlated with 
changes in the level of protein expressed from that mRNA when human tumor cells are 
compared with their corresponding normal cells . Therefore, Dr. Polakis' research, which is 
referenced in his Declaration, shows that, in general there is a correlation between increased 
mRNA and polypeptide levels . Hence, one of skill in the art would reasonably expect that, based 
on the gene amplification data of the PROl 112 gene, the PROl 112 polypeptide is concomitantly 
overexpressed in lung or colon tumors studied as well. 

Appellants further note that the sale of gene expression chips to measure mRNA levels is 
a highly successful business, with a company such as Affymetrix recording 168.3 million dollars 
in sales of their GeneChip® arrays in 2004. Clearly, the research community believe that the 
information obtained from these chips is useful (i.e., that it is more likely than not that the results 
are informative of protein levels). 

Thus, based on the asserted utility for PROl 1 12 in the diagnosis of lung or colon tumors, 
the reduction to practice of the; instantly claimed protein sequence of SEQ ID NO: 207 in the 
present application, the disclosure of the step-by-step protocols for making chimeric PRO 
polypeptides, including those wherein the heterologous polypeptide is an epitope tag or an Fc 
region of an immunoglobulin in the specification (at page 374, lines 24 to page 375, line 9), the 
disclosure of a step-by-step protocol for making and expressing PROl 1 12 in appropriate host 
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cells (in Examples 140-143 and page 376, line 12), the step-by-step protocol for the preparation, 
isolation and detection of monoclonal, polyclonal and other types of antibodies against the 
PROl 112 protein in the specification (at pages 390-395) and the disclosure of the gene 
amplification assay in Example 170, the skilled artisan would know exactly how to make and use 
the claimed polypeptide and its antibodies for the diagnosis of lung or colon cancers. Appellants 
submit that based on the detailed information presented in the specification and the advanced 
state of the art in oncology, the skilled artisan would have found such testing routine and not 
'undue.' 

Therefore, Appellants respectfully request reconsideration and reversal of this 
outstanding rejections under 35 U.S.C. §101 and §112, First Paragraph to Claims 119-123. 
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CONCLUSION 



For the reasons given above, Appellants submit that present specification clearly 
describes, details and provides a patentable utility for the claimed invention. Moreover, it is 
respectfully submitted that based upon this disclosed patentable utility, the present specification 
clearly teaches "how to use" the presently claimed polypeptide and its antibodies. As such, 
Appellants respectfully request reconsideration and reversal of the outstanding rejection of 
Claims 119-123. 

The Commissioner is authorized to charge any fees which may be required, including 
extension fees, or credit any overpayment to Deposit Account No. 08-1641 (referencing 
Attorney's Docket No. 39780-2730 P1C14) . 



HELLER EHRMAN LLP 

275 Middlefield Road 
Menlo Park, California 94025-3506 
Telephone: (650) 324-7000 
Facsimile: (650) 324-0638 



Respectfully submitted, 



Date: July 12,2007 
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VIIL CLAIMS APPENDIX 

Claims on Appeal 

119. An antibody that specifically binds to the polypeptide of SEQ ID NO: 207. 

1 20. The antibody of Claim 1 1 9 which is a monoclonal antibody. 

121. The antibody of Claim 1 1 9 which is a humanized antibody. 

1 22. The antibody of Claim 1 1 9 which is an antibody fragment. 

123. The antibody of Claim 119 which is labeled. 
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X. RELATED PROCEEDINGS APPENDIX 



None- no decision rendered by a Court or the Board in any related proceedings identified 



above. 
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DECLARATION OF AUDREY P. GODDARD, Ph.D UNDER 37 CRL § 1.132 



Assistant Commissioner of Patents 
Washington, D.C. 20231 . 

Sir: 

I, Audrey D. Goddard, Ph.D. do hereby declare and say as follows: 

1 . I am a Senior Clinical Scientist at the Experimental Medicine/BioOncology, Medical 
Affairs Department of Genentech, Inc., South San Francisco, California 94080. 

2. Between 1993 and 200 1 , 1 headed the DNA Sequencing Laboratory at the Molecular 
Biology. Department of Genentech, Inc. During this time, my responsibilities included the 
identification and characterization of genes contributing to the oncogenic process, and determination 
of the chromosomal localization of novel genes. 

3. My scientific Curriculum Vitae, including my list of publications, is attached to and 
forms part of this Declaration (Exhibit A). 



Serial No.: * 
Filed: * 

4. I am familiar with a variety of techniques known in the art for detecting and 
quantifying the amplification of oncogenes in cancer, including the quantitative TaqMan PCR (i.e., 
"gene amplification") assay described in the above captioned patent application. 

5. The TaqMan PCR assay is described, for example, in the following scientific 
publications: Higuchi et al. % Biotechnology 10:413-417 (1992) (Exhibit B); Livak et at, PCR 
Methods Add!.. 4:357-362 (1995) (Exhibit C) and Heid et aL, Genome Res. 6:986-994 (1996) 
(Exhibit D). Briefly, the assay is based on the principle that successful PCR yields a fluorescent 
signal due to Taq DNA polymerase-mediated exonuclease digestion of a fluorescently labeled 
oligonucleotide that is "homologous to a sequence between two PCR primers. The extent of 
digestion depends directly on the amount of PCR, and can be quantified accurately by measuring the 
increment in fluorescence that results from decreased energy transfer. This is an extremely sensitive 
technique, which allows detection in the exponential phase of the PCR reaction and, as a result, 
leads to accurate determination of gene copy number. 

6. The quantitative fluorescent TaqMan PCR assay has been extensively and 
successfully used to characterize genes involved in cancer development and progression. 
Amplification of protooncogenes has been studied in a variety of human tumors, and is widely 
considered as having etiological, diagnostic and prognostic significance. This use of the quantitative 
TaqMan PCR assay is exemplified by the following scientific publications: Pennica et aL, Proc. 
Natl. Acad. Sci. USA 95(25): 1471 7-14722 (1998) (Exhibit E); Pitti et a!., Nature 
396(6712);699-703 (1998) (Exhibit F) and Bieche et aL, Int. J. Cancer 78:661-666 (1998) (Exhibit 
G), the first two of which I am co-author. In particular, Pennica et aL have used the quantitative 
TaqMan PCR assay to study relative gene amplification of WISP and c-myc in various cell lines, 
colorectal tumors and normal mucosa. Pitti et aL studied the genomic amplification of a decoy 
receptor for Fas ligand in lung and colon cancer, using the quantitative TaqMan PCR assay. Bieche 
et aL used the assay to study gene amplification in breast cancer. 
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7. It is my personal experience that the quantitative TaqMan PCR technique is 
technically sensitive enough to detect at least a 2-fold increase in gene copy number relative to 
control. It is further my considered scientific opinion that an at least 2-fold increase in gene copy 
number in a tumor tissue sample relative to a normal (i.e., non-tumor) sample is significant and 
useful in that the detected increase in gene copy number in the tumor sample relative to the normal 
sample serves as a basis for using relative gene copy number as quantitated by the TaqMan PCR 
technique as a diagnostic marker for the presence or absence of tumor in a tissue sample of unknown 
pathology. Accordingly, a gene identified as being amplified at least 2-fold by the quantitative 
TaqMan PCR assay in a tumor sample relative to a normal sample is useful as a marker for the 
diagnosis of cancer, for monitoring cancer development and/or for measuring the efficacy of cancer 
therapy. 

8. I declare further that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true. I declare that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize the validity of the application or any 
patent issuing thereon. 
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AUDREY D. GODDARD, Ph.D. 



Genentech, Inc. 
1 DNA Way 

South San Francisco, CA, 94080 
650.225.6429 



goddarda@gene.com 



110 Congo St. 

San Francisco, CA, 94131 

415.841.9154 

415.819.2247 (mobile) 

agoddard@pacbell.net 



PROFESSIONAL EXPERIENCE 



Genentech, Inc. 



1993-present 



South San Francisco, CA 

2001 - present Senior Clinical Scientist 

Experimental Medicine / BioOncology, Medical Affairs 

Responsibilities: 

• Companion diagnostic oncology products 

• Acquisition of clinical samples from Genentech's clinical trials for translational research 

• Translational research using clinical specimen and data for drug development and 
diagnostics 

• Member of Development Science Review Committee, Diagnostic Oversight Team, 21 CFR 
Part 1 1 Subteam 

Interests: 

• Ethical and legal implications of experiments with clinical specimens and data 

• Application of pharmacogenomics in clinical trials 



1998 - 2001 Senior Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities: 

• Management of a laboratory of up to nineteen -including postdoctoral fellow, associate 
scientist, senior research associate and research assistants/associate levels 

• Management of a $750K budget 

• DNA sequencing core facility supporting a 350+ person research facility. 

• DNA sequencing for high throughput gene discovery, - ESTs, cDNAs, and constructs 

• Genomic sequence analysis and gene identification 

• DNA sequence and primary protein analysis 

Research: 

• Chromosomal localization of novel genes 

• Identification and characterization of genes contributing to the oncogenic process 

• Identification and characterization of genes contributing to inflammatory diseases 

• Design and development of schemes for high throughput genomic DNA sequence analysis 

• Candidate gene prediction and evaluation 
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1993-1998 



Scientist 



Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities 

• DNA sequencing core facility supporting a 350+ person research facility 

• Assumed responsibility for a pre-existing team of five technicians and expanded the group 
into fifteen, introducing a level of middle management and additional areas of research 

• Participated in the development of the basic plan for high throughput secreted protein 
discovery program - sequencing strategies, data analysis and tracking, database design 

• High throughput EST and cDNA sequencing for new gene identification. 

• Design and implementation of analysis tools required for high throughput gene identification. 

• Chromosomal localization of genes encoding novel secreted proteins. 

Research: 

• Genomic sequence scanning for new gene discovery. 

• Development of signal peptide selection methods. 

• Evaluation of candidate disease genes. 

• Growth hormone receptor gene SNPs in children with Idiopathic short stature 

Imperial Cancer Research Fund 1989-1992 
London, UK with Dr. Ellen Solomon 

6/89 -12/92 Postdoctoral Fellow 

• Cloning and characterization of the genes fused at the acute promyelocytic leukemia 
translocation breakpoints on chromosomes 17 and 15. 

• Prepared a successfully funded European Union multi-center grant application 

McMaster University 1983 
Hamilton, Ontario, Canada with Dr. G. D. Sweeney 

5/83 - 8/83: NSERC Summer Student 

• In vitro metabolism of p-naphthoflavone in C57BI/6J and DBA mice 



EDUCATION 



Ph.D. 



University of Toronto 
Toronto, Ontario, Canada. 
Department of Medical 
Biophysics. 



"Phenotypic and genotypic effects of mutations in 
the human retinoblastoma gene." 
Supervisor: Dr. R. A. Phillips 



1989° 



Honours B.Sc 

"The in vitro metabolism of the cytochrome P-448 
inducer p-naphthoflavone in C57BL/6J mice/ 
Supervisor: Dr. G. D. Sweeney 



McMaster University, 
Hamilton, Ontario, Canada. 
Department of Biochemistry 



1983 
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ACADEMIC AWARDS 



Imperial Cancer Research Fund Postdoctoral Fellowship 

Medical Research Council Studentship 

NSERC Undergraduate Summer Research Award 

Society of Chemical Industry Merit Award (Hons. Biochem.) 

Dr. Harry Lyman Hooker Scholarship 

J.LW. Gill Scholarship 

Business and Professional Women's Club Scholarship 
Wyerhauser Foundation Scholarship 



1989 
1983 
1983 
1983 
1981 
1981 
1980 
1979 



1992 
1988 



1983 
1982 
1981 
1980 



INVITED PRESENTATIONS 

Genentech's gene discovery pipeline: High throughput identification, cloning and 
characterization of novel, genes. Functional Genomics: From Genome to Function, Litchfield 
Park, AZ, USA. October 2000 ' 

High throughput identification, cloning and characterization of novel genes. G2K:Back to 
Science, Advances in Genome Biology and Technology I. Marco Island, FL, USA. February 



Quality control in DNA Sequencing: The use of Phred and Phrap. Bay Area Sequencing 
Users Meeting, Berkeley, CA, USA. April 1999 

High throughput secreted protein identification and cloning. Tenth International Genome 
Sequencing and Analysis Conference, Miami, FL, USA. September 1998 

The evolution of DNA sequencing: The Genentech perspective. Bay Area Sequencing Users 
Meeting, Berkeley, CA, USA. May 1998 

Partial Growth Hormone Insensitivity: The role of GH-receptor mutations in Idiopathic Short 
Stature. Tenth Annual National Cooperative Growth Study Investigators Meeting, San 
Francisco, CA, USA. October, 1996 

Growth hormone (GH) receptor defects are present in selected children with non-GH-deficient 
short stature: A molecular basis for partial GH-insensitivity. 76 th Annual Meeting of The 
Endocrine Society, Anaheim, CA, USA. June 1994 



A previously uncharacterized gene, myl, is fused to the retinoic acid receptor alpha gene in 
acute promyelocyte leukemia. XV International Association for Comparative Research on 
Leukemia and Related Disease, Padua, Italy. October 1991 



2000 
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PATENTS 

Goddard A, Godowski PJ f Gurney AL NL2 Tie ligand homologue polypeptide. Patent 
Number: 6,455,496. Date of Patent: Sept. 24, 2002. 

Goddard A, Godowski PJ and Gurney AL. NL3 Tie ligand homologue nucleic acids. Patent 
Number: 6,426,218. Date of Patent: July 30, 2002. 

Godowski P, Gurney A, Hillan KJ, Botstein D, Goddard A, Roy M, Ferrara N, Tumas D, 
Schwall R. NL4 Tie ligand homologue nucleic acid. Patent Number; 6,4137,770. Date of 
Patent: July 2, 2002. 

Ashkenazi A, Fong S, Goddard A, Gurney AL, Napier MA, Tumas D, Wood Wl. Nucleic acid 
encoding A-33 related antigen poly peptides. Patent Number: 6,410,708. Date of Patent:: 
Jun. 25, 2002. 

Botstein DA, Cohen RL, Goddard AD, Gurney AL, Hillan KJ, Lawrence DA, Levine AJ, 
Pennica D, Roy MA and Wood Wl. WISP polypeptides and nucleic acids encoding same. 
Patent Number: 6,387,657. Date of Patent: May 14, 2002. 

Goddard A, Godowski PJ and Gurney AL. Tie ligands. Patent Number: 6,372,491. Date of 
Patent: April 16, 2002. 

Godowski PJ, Gurney AL, Goddard A and Hillan K. TIE ligand homologue antibody. Patent 
Number: 6,350,450. Date of Patent: Feb. 26, 2002. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Tie 
receptor tyrosine kinase ligand homologues. Patent Number: 6,348,351. Date of Patent: 
Feb. 19, 2002. 

Goddard A, Godowski PJ and Gurney AL; Ligand homologues. Patent Number: 6,348,350. 
Date of Patent: Feb. 19, 2002. 

Attie KM, Carlsson LMS, Gesundheit N and Goddard A. Treatment of partial growth 
hormone insensitivity syndrome. Patent Number: 6,207,640. Date of Patent: March 27, 
2001. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Nucleic 
acids encoding NL-3. Patent Number: 6,074,873. Date of Patent: June 13, 2000 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,824,642. Date of Patent: October 20, 1998 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,646,113. Date of Patent: July 8, 1997 

Multiple additional provisional applications filed 
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PUBLICATIONS 

Seshasayee D, Dowd P, Gu Q, Erickson S, Goddard AD Comparative sequence analysis of 
the HER2 locus in mouse and man. Manuscript in preparation. 

Abuzzahab MJ. Goddard A, Grigorescu F, Lautier C, Smith RJ and Chernausek SD. Human 
IGF-1 receptor mutations resulting in pre- and post-natal growth retardation. Manuscript in 
preparation. 

Aggarwal S, Xie f M-H, Foster J, Frantz G, Stinson J, Corpuz RT, Simmons L, Hillan K ? 
Yansura DG, Vandlen RL, Goddard AD and Ggmey AL. FHFR, a novel receptor for the 
fibroblast growth factors. Manuscript submitted. 

Adams SH, Chui C, Schilbach SL, Yu XX, Goddard AD, Grimaldi JC, Lee J, Dowd P, Colman 
S., Lewin DA. (2001) BFIT, a unique acyl-CoA thioesterase induced in thermogenic brown 
adipose tissue: Cloning, organization of the human gene, and assessment of a potential link 
to obesity. Biochemical Journal 360: 135-142. 

Lee J. Ho WH. Maruoka M. Corpuz RT. Baldwin DT. Foster JS. Goddard AD. Yansura DG. 
Vandlen RL. Wood Wl. Gurney AL. (2001) IL-17E, a novel proinflammatory ligand for the IL- 
17 receptor homolog IL-17RM . Journal of Biological Chemistry 276(2): 1660-1664. 

Xie M-H, Aggarwal S, Ho W-H, Foster J, Zhang Z, Stinson J, Wood Wl, Goddard AD and 
Gurney AL. (2000) Interleukin (IL)-22, a novel human cytokine that signals through the 
interferon-receptor related proteins CRF2-4 and IL-22R. Journal of Biological Chemistry 275: 
31335-31339. 

Weiss GA, Watanabe CK t Zhong A, Goddard A and Sidhu SS. (2000) Rapid mapping of 
protein functional epitopes by combinatorial alanine scanning. Proc. Natl. Acad. Sci. USA 97: 
8950-8954. 

Guo S, Yamaguchi Y, Schilbach S, Wada T.;Lee J f Goddard A, French D , Handa H, 
Rosenthal A. (2000) A regulator of transcriptional elongation controls vertebrate neuronal 
development. Nature 408: 366-369. 

Yan M, Wang L-C, Hymowitz SG, Schilbach S, Lee J, Goddard A, de Vos AM, Gao WQ, Dixit 
VM. (2000) Two-amino acid molecular switch in an epithelial morphogen that regulates 
binding to two distinct receptors. Science 290: 523-527. 

Sehl PD, Tai JTN, Hillan KJ, Brown LA, Goddard A, Yang R, Jin H and Lowe DG. (2000) 
Application of cDNA microarrays ^determining molecular phenotype in cardiac growth, 
development, and response to injury. Circulation 101: 1990-1999. 

Guo S, Brush J, Teraoka H, Goddard A, Wilson SW, Mullins MC and Rosenthal A. (1999) 
Development of noradrenergic neurons in the zebrafish hindbrain requires BMP, FGF8, and 
the homeodomain protein soulless/Phox2A. Neuron 24: 555-566. 

Stone D, Murone, M, Luoh, S, Ye W, Armanini P, Gurney A, Phillips HS, Brush, J, Goddard 
A, de Sauvage FJ and Rosenthal A. (1999) Characterization of the human suppressor of 
fused; a negative regulator of the zinc-finger transcription factor Gli. J. Cell Sci. 112: 4437- 
4448. 

Xie M-H, Holcomb I, Deuel B, Dowd P, Huang A, Vagts A, Foster J, Liang J, Brush J, Gu Q, 
Hillan K, Goddard A and Gurney, A.L. (1999) FGF-19, a novel fibroblast growth factor with 
unique specificity for FGFR4. Cytokine 11: 729-735. 
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Yan M, Lee J, Schilbach S, Goddard A and Dixit V. (1999) mE10, a novel caspase 
recruitment domain-containing proapoptotic molecule. J. Biol. Chem. 274(15): 10287-10292. 

Gurney AL, Marsters SA f Huang RM, Pitti RM, Mark DT, Baldwin DT, Gray AM, Dowd P, 
Brush J, Heldens S, Schow P, Goddard AD, Wood.WI, Baker KP t Godowski PJ and 
Ashkenazi A. (1999) Identification of a new member of the tumor necrosis factor family and its 
receptor, a human ortholog of mouse GITR. Current Biology 9(4): 215-218. 

Ridgway JBB, Ng E, Kern JA ,Lee J, Brush J, Goddard A and Carter P, (1999) Identification 
of a human anti-CD55 single-chain Fv by subtractive panning of a phage library using tumor 
and nontumor cell lines. Cancer Research 59: 2718-2723. 

Pitti RM, Marsters SA, Lawrence DA, Roy M, Kischkel FC, Dowd P, Huang A, Donahue CJ, 
Sherwood SW, Baldwin DT, Godowski PJ, Wood Wl, Gurney AL, Hillan KJ, Cohen RL, 
Goddard AD, Botstein D and Ashkenazi A. (1998) Genomic amplification of a decoy receptor 
for Fas ligand in lung and colon cancer. Nature 396(6712): 699-703. 

Pennica D, Swanson TA, Welsh JW t Roy MA, Lawrence DA, Lee J, Brush J, Taneyhill LA, 
Deuel B, Lew M, Watanabe C, Cohen RL, Melhem MF, Finley GG, Quirke P, Goddard AD, 
Hillan KJ, Gurney AL, Botstein D and Levine AJ. (1998) WISP genes are members of the 
connective tissue growth factor family that are up-regulated in wnt-1 -transformed cells and 
aberrantly expressed in human colon tumors. Proc. Natl. Acad. Sci. USA. 95(25): 14717- 
14722. 

Yang RB, Mark MR, Gray A, Huang A, Xie MH, Zhang M, Goddard A, Wood Wl, Gurney AL 
and Godowski PJ. (1998) Toll-like receptor-2 mediates lipopolysaccharide-induced cellular 
signalling. Nature 395(6699): 284-288. 

Merchant AM, Zhu Z, Yuan JQ, Goddard A, Adams CW, Presta LG and Carter P. (1998) An 
efficient^route to human bispecific IgG. Nature Biotechnology 16(7): 677-681. 

Marsters SA, Sheridan JP, Pitti RM, Brush J, Goddard A and Ashkenazi A. (1998) 
Identification of a ligand for the death-domain-containing receptor Apo3. Current Biology 8(9): 
525-528. 

Xie J, Murone M, Luoh SM, Ryan A, Gu Q, Zhang C, Bonifas JM, Lam CW, Hynes M, 
Goddard A, Rosenthal A, Epstein EH Jr. and de Sauvage FJ. (1998) Activating Smoothened 
mutations in sporadic basal-cell carcinoma. Nature. 391(6662): 90-92. 

Marsters SA, Sheridan JP, Pitti RM, Huang A, Skubatch M, Baldwin D, Yuan J, Gurney A, 
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We have enhanced the polymerase chain 
reaction (PGR) such that specific DNA 
sequences can be detected without open- 
ing the reaction tube. This enhancement 
requires the addition of ethidium bromide 
(EtBr) to a PGR. Since the fluorescence of 
EtBr increases in the presence of double* 
stranded (ds) DNA an increase in fluores- 
cence in such a PCR indicates a positive 
amplification, which can be easily moni- 
tored externally* In fact, amplification can 
be continuously monitored in order to 
follow its progress, the ability to simulta- 
neously amplify specific DNA sequences 
and detect the product of the amplification 
both simplifies and improves PCR and 
may facilitate its automation and more 
widespread use in the clinic or in other 
situations requiring high sample through- 
put 

Although the potential benefits of PGR 1 to.cKo- 
kal diagnostics arc wctt knowir*' 8 , it is still not 
widely used in this setting, even' tliough k is 
four year* eiaca the * uA0»ci ble DMA pcSyinner* 

ase* 4 made PCR practical Some of the reasons for it* slow, 
acceptance are high cost, lack of automation of pre-? and 
post-PCR processing steps, and false positive results, from 
carryovcr-contaminauon. The first two points arc related 
in that tabor is the largest contributor to cost at the present 
stage of PCR development. Most current assays require 
some form of "downstream" processing once rhetmocy* 
ding ts done in order to determine whether the target 
DNA sequence was- present and has amplified. These 
include DNA hybridiwdon 5 *, gel eicctroph^resis with or 
without use of restriction digestion 7 **/ HPLC?, or capillary 
electrophoresis 10 . These methods are labor4ntense f have, 
low throughput, and arc difficult to automate. The third 
point is abo ck^dy related to downstream processing. 
The handling of the PCR product in these downstream 
processes increases the chances that amplified DNA '.will 
spread through the typing* lab, resulting in - a .risk of 



'carryover" false positives in subsequent testing 11 . 

These downstream processing steps would be elimi- 
nated if specific amplification and detection of amplified 
DNA took place simultaneously within an unopened re- 
action vessel Assays in which such different processes take 
place without, the fcced to separate reaction components 
have been termed ^Ijomogeneous*'. >Jo truly hbmogc-. 
tieous PCR assay has been demonstrated to date, although ' 
progress towards this end has been reported- Chehab, et 
at , developed a PCR product detection scheme using 

fluorescent primers that resulted in a fluorescent PCR 
produce AHc*c-spedfic primers, each with different fluo- 
rescent tags* were used to indicate the genotype of the 
DNA. However, the unincorporated primers must still be 
removed in a downstream process in order to visualize the 
result Recently, Holland, et al> 4 *, developed an assay in 
which the endogenous 5' exonudease assay of Taf DNA 
polymerase was exploited to cleave a labeled oligonucleo- 
tide probe. The probe would only dcave if PCR axnpjGn- 
cation had produced its complementary sequence. In 
order to detect the cleavage product?, however, a subse- 
quent process h again needed. 

We have developed a truly homogeneous assay for PCR 
and PCR product detection based upon tbc greatly in- 
creased fluorescence that ethidxum broiftide and other' 
DNA binding dyes exhibit when they are bound .to.ds- 
DNA l4: " 19 . As outhncd in Figure h a prototypk PCR 
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RQVRt 1 IViixiplc of stmultaRcoua asztpfifiotioa and dciecttOfi of 
PCR product; The compoacuu of a PGR toomwne Et3r mat ate 
Ouorescent are toed— EtBr itself, EtBr bound to other ssDNA or " 
daDNA- These is % hr^e ftuoreso^cux cnhanrrgicTit when EtBr is 
bound to DNA and hmding is greatly eohanocd when DNA .is 
doublc-stracndcd, AfW sumdeut <n)..cydcs of PGR, the .net 
increase in dui&NA residts in additional EtBr blading, and 3 net 
increase in total ftiivrcsccnccL 
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W8OT( % Gd electrophoresis of PGR amplification products of the 
human, trudcar gene, HLA DQtx, made in the pretence of 
increasing amounts of £tBr (up to 8 n-gftnl). The presence of 
EtBr lias no obvious effect on the yield or specificity of amplifi- 



cation. 



A. 



B. 





begins with primers that are single-stranded DNA (ss- 
DNA), dNTPs, and DNA polymerase; An amount of 
dsDNA containing the target sequence (target DMA) is 
also typically present This amount can vary, depending 
on the application, from singie*cell amounts of DNA IT to 
micrograms per FCR- 8 , If EtBr to present the reagents 
that will fluoresce, in order of increasing fluorescence, are 
free EtBr hsclf, and EtBr bound to the single-stranded 
DNA primers and to the doublets tranded target DNA (by 
its intercalation between the stacked bases of the DNA 
doobk-hchx)* After the first denaturatiott cycle, iarget 
DNA will be largely single-stranded. After a PGR is 
completed, die most significant change is the increase in 
the amount of dsDNA (the PGR product itself) of up to 
several micrograms. Formerly free EtBr is bound' to the 
additional dsDNA* resulting in an increase in fluores- 
cence. There is also some decrease in the amount of 
ssDNA primer, but because the binding of ElBr to s&DNA 
is much less than to dsDNA, the effect of this change on 
the total fluorescence of the sample is small. The fluores- 
cence increase can be measured by directing exekadon 
illumination through the walls of the amplification vessel 
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RCCtt % (A) fluorescence measurements, from PCRs that o>otaia 
0.5 |X£fad EtBr and that ate specific for Y^hrotnosonoc repeat 
seqMetice*, Five replicate PCRs were begun containing each of the 
DNA* specified. At eadi indicated cycle, one of the five replicate 
PCte for catch DNA -was removed from thcrmocydmg and H* 
fluorescence measured, Uniu of fluorescence are arbttrair. (B) 
UV photography of PC R tub** (0,5 nil Eppcndbr&tylc, poiypro* 
pykne «ntcro~eentrifug<c -tubes) contenting reactions, those statfe 
ing from 2 ng male DNA and control reactions without any DMA, 
from (A). 



before and after, or even continuously during, thermocy. 
ding. 

RESULTS 

PGR in the presence of EtBr. to order to assess the 
affect of ElBr In PGR, amplifications of the human HI^\ 
DQa gene* 9 were performed with the dye present at 
concentrations from 0.06 to 8.0 u^ml (a typical concen- 
tration of EtBr used in staining of nucleic acids foUdwing 
get electrophoresis Is 0.5 ug/mf). As shown in Figure 2, gel 
electrophoresis revealed little or no difference in the yield 
or quality of the amplification product whether EtBr was 
absent or present at any of these concentrations, indicat- 
ing that EtBr does not inhibit PCR, 

Detection of human Y-dttoufcosoiov specific 9f> 
uuences. Sequencer pecific, fluorescence enhancement of 
EtBr as a result of FOR was demonstrated in a scries of 
amplifications containing 0.5 iigfrnl EtBr and primerj 
spedfic to repeat DNA sequences found on the human 
V-chromosomo^. These PCRs initially contained cither 
60 ng male, 60 ng female, 2 ng roaJc human or no DNA. 
Five replicate PCRs were begun for each DNA* After 0, 
17, 31, 24 and 29 cycles of thermocyding, a. FCR for each 
DNA was removed from the thermocyder, and its fluo- 
rescence measured in a spectrofoorometex and plotted 
vs. amplification cyde number (Fig. 3A). The shape of this 
curve reflects the fact that by the time an increase in 
fluorescence can be detected, the increase in DNA is 
becoming linear and not exponential with cyde number; 
As shown, the fluorescence increased about three-fold 
over the background fluorescence for the PCRs contain* 
ing human male DNA, but did not significantly increase 
for negative control PCRs, whkh contained either no 
DNA or human female DNA. The more male DNA 
present to begin with— 60 ng versus 2 ng— die fewer 
cycles were needed to give a detectable increase in fluo- 
rescence. Gel cJectronuoresis ou the products of these 
amplifications showed that DNA fragments of the ex- 
pected skc were made in the male DNA containing 
reactions and that Eule DN A synthesis took place in the 
control samples. 

In addition, the increase in fluorescence was visualized 
by simply laying the completed, unopened PCRs qosUV 
transiUuminatOT and photographing them through a red 
filter. This is shown in figure SB for the reactions that 
began with 2 ng male DNA and those with no DNA* 

Detection of specific aUcteft of the human £-#obm 
gene. In order to demonstrate that this approach has 
adequate specificity to allow genetic screening* a dttcaion 
of the SKklc-cdl anemia mutation was performed^ figure 
4 shows the fluorescence from completed amplication* 

containing EtBr (0.S itgfoiT) as detected by photogwtphy 

of the reaction tubes on a UV transiliuminatox. These 
reactions were performed using prhacx& specific for ei- 
ther the. w3d-m>e or skkk-oeil mutation of the human 
p-globin gene* \ The specificity for each ancle is imparted 
by placing the sickle-mutation site at the terminal 3' 
nucleotide of one primer. By using an appropriate primer 
annealing temperature* printer extension — and thus an> 
pUtotion— can take place only if the S # nucleotide of the 
primer is complementary to the p^giobin allele prctepi?- 
Each pair of amplifications shown in Figure 4 consists of 
a reaction with either the wild-type allele spedne (left 
tube) or skkk-aUde specific (right tube) primers. Three 
different DNAs were typed: DNA i^om a homozygous, 
witel-typc p-giobin individual (AA); from a heterozygous 
sickle p^Iobin individual (AS); and from a homozygous 
sickle p-gl^o individual (SS). Each DNA (50 ng genomic 
DNA to start each PGR) was flnatyzed m triplicate (3 pairs 
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0 f reactions each). The DNA .type vas reflected in the 
^tfve fluorescence intensities in each pair of completed 
A(n p]i£calioitt. There was a significant increase in fluores* 
pence only where a $~globixi allele DNA matched the 
primer set. When measured oa a spcoroflnuroraetcr 
Mata not shown), this Buorcsccncc was about three times 
diat present in, a PGR where both p-dobin alkies were 
jtibitiatchcd to the primer sec Get electrophoresis (not 
ghown) established that this increase in fluorescence was 
due to the syntheds of nearly a microgram of a DNA 
fragment of the expected size for p-globin. There was 
facte synthesis of dsDNA in reactions m . which the aflele- 
jpedfic primer was mismatched to both alleles. 

Continuous mowtorrog of a PCR* Usiog a fiber optic 
device? H U possible to direct excitation illumination from 
fl spectrofluorometer to a PCR undergoing thcrmocyding 
and to return its fluorescence to the spc^troftuomrwetcr. 
The fluorescence readout of such an arrangement, di- 
rected ri an EtBr-containtng amplification of Y-chromo- 
pomc speci6c sequences from 25 ng of human male DNA, 
is shown in Figure 5. The readout from a control f*CR j 
*|ih no target DNA is also shown. Thirty cycles of PCR 
verc monitored for each. 

The fluorescence trace as a function of time dearly 
shows the effect of the thertnocyding, Fluorescence inten- 
sity rises and. falls inversely with temperature* The fluo- 
rescence intend ty is minimum at the denaturation tem- 
perature (94 Q C) and maximum at the anneaUng/extension 
temperature (SOX). In the negative-control FCR t these 
fluorescence maxima and minima do not change signifi- 
cantly over the thirty tbormocycte; indicating that there is 
tittle dsDNA synthesis without the appropriate target 
DNA, and there b little if any bkaefung of EtBr during 
the continuous illumination of the sample. 

In the PCR containing male DNA, the fluorescence 
maxima at the annealing/extension temperature begin to 
increase al about 4000 seconds" of thexinocyeling, and 
continue to increase whh rime, indicating that dsDNA is 
being produced at a detectable level Note that the fluo- 
rescence minima at the denaiuratiou temperature do not 
significantly increase* presumably because at thh temper- 
ature there is no dsDNA for EtBr to bind. Thus the course 
of the amplification is followed by tracking the fluorcs-. 
cence increase at the auncafimj temperature. Analysis of 
ihc products of these two amplifications by gel ejectropho- 
fefis showed * DNA fragment of the expected sh* for the 
male DNA containing sample and no detectable DNA 
synthesis for the control sample* 

DISCUSSION 

Downstream processes such as- hybridization to a se- 
quence-specific probe can enhance tlte specificity of DMA 
deieutluu Uj PGR. The enminatkm of uSeac processes 

means that* the spedflchy of thh homogeneous assay 
depends solely on that of PCR. la the case of sickle-cell 
disease, wc have shown that PCR alone has sufficient DNA 
sequence specificity to permit genetic screening. Using 
appropriate amplification conditions, there is little non- 
specific production of dsDNA in the absence of the 
appropriate target allele. 

The specificity required to detect pathogens can be 
more or less than that required to do genetic screening, 
depending on the number of pathogens in the sample and 
the amount of other DNA that must be taken with the 
sample A difficult target b HIV, which requires detection 
of a viral genome that can be at the level of a few copies 
per thousands of host cdls*. Compared with genetic 
screening, which is performed or ceils staining at least 
one copy of die target sequence* HIV xietection requires 
both more specificity and the input of more total 




Homozygous 

AA 



Heterozygous 

AS 



Homozygous 

ss 



UV photography of PCR tubes containing Junptftcstroiu 
using EtBr that are specific to wiWUtypc (A) or stcklc(S) alleles of 
the human p-gjobsn gene. The Wft of e^p^ of tubes contains 
aUck-spcdfic primers to the wild-type alleles, the right tube 
primers to the skWe aflete- The ponograph was taken after 30 
cycles of PCR. and the input DNA* and- the alktes thev contain 
jire indicated. Fifty tag of DNA was used to begin PCR Typing 
was done in triplicate (3 pairs of PCR?) for each input DNA: 
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mm 5 Continuous, rcat-thne monitoring of a PCR- A fiber optk 
was wed to carry excitation fight tn a rXJR to progress and al*o 
emiUfid Ught back to a flooromcicr (see ExJ^ntftcntol Pr^ocot). 
AmpHficaBoa -using ^ucnan audo-DNA specific primer* in a PCR 
starting with ^0 ng of human male DNA {top* or in a coatrul 
PCR without DNA (boltnm), were monhorcd. Thirty cydes of 
PCR were fclkiwed for each, Ttve temperature cycled between 
94*C {denaturation) and 50*C (annealing and extension). Note in 
the male DNA PCR, . the cycle (nine) d^peottcot acrasc in 
ftiiorcsocncc at the aniieJkEn^extex>si<m temperature 



BOIECHNOIOGY • VCX 10 



PAGE 4/6 s RCVD AT 7/19/2004 3: 10:03 PM [Pacific DayDght Time] ' SVR:SVCS01/0 * DNiS:6638 * CSiD:S50 952 9881 ' DURATION (mnw$):0446 



JUL- 19-2004 13:52 FROM:GENENT 




EGAL 650 952 9881 




3246638 



P:5'6 




i 



I! 



; 



■ 1 



DNA— up to microgram amount*— ia order to have suf- 
ficient numbers of target sequences. This large amount of 
starting DNA in an amplification sigaibcatidy increases 
the background fluomcence, over w> any additional 
fluorescence produced by PCR must be detected. An 
additional complication that occurs with targets irt low 
copy-number is the formation of the **priraer-dtmer" 
artifact. This b the result of the extension of one primer 
using the other primer as a template. Although this occurs 
infrequently, once it occur* the extension product is a 
substrate for PGR amplification, and can compete with 
true PGR targets if those targets are rare. The primer- 
dinner product is of course dsDNA and thus i? a potential 
source of false signal in this homogeneous afsay. 

To increase PCR specificity ana reduce the effect of 
pricner-ditner anlplificatKMi, we are investigating a num- 
ber of approaches, including the use of nested-primer 
amplifications diat take place in a single tube*, and the 
•"hot-start**, in which nonspecific amptHkadon is reduced 
by raising the temperature of the reaction before DNA 
synthesis begins 45 . Preliminary results using these ap- 
proaches suggest tbatprwncr-dimcT is effectively reduced 
and it is possible to detect the increase in Etfir fluores- 
cence in a PGR instigated by a single HIV genome in a 
background of 10 5 celts. With Urge* number* of cells, the 
background fluorescence contributed by genomic DNA 
becomes problematic. To, reduce this background, it mvy 
be possible to use se<nience^pednc DNA-bmding dyes 
that can be made to preferentially bind PGR product over 
genomic DNA by incorporating the dye-binding DNA 
sequence into the PCR product through a 5' 'add-on" to . 
the oligonucleotide primer*' 1 . 

We nave shown that the detection of fluorescence 
generated by an EtBr-containing PCR is straightforward, 
both once PGR is completed and continuously during 
IhermocycHng. The ease with which automation of spe- 
cific DNA detection can be accomplished is the most 
promising aspect of this assay. The fluorescence analysts 
of completed PCRs is alrcadyjwsiblc with existing instru- 
mentation in 96-well format?*. In tliis format, the fluores- 
cence in each PCR can be quantitated before, after, and 
even at selected points during &ernic<yc«ne by moving 
the tack of PCRs to a 9o-mictovrc)l plate fluorescence 

reader 40 , , 

The instrumentation necessary to continuously monitor 
multiple PCRs simultaneously is also simple in principle. 
A direct extension of the apparatus used here is to have 
multiple fiberoptics transmit the citation light and flu- 
orescent emissions to and from multiple PCRs. The ability 
to monitor multiple PCRs continuously may allow quan- 
titation of target DNA copy number. Figure 3 shows that 
the larger the amount of starting target DNA, the sooner 
during PGR a fluorescence increase 15 detected. Preft mi- 
liary experiments <Higiichi and DoOinger, manuscript in 
preparation) with continuous montoring have shown a 
sensitivity to two-fold differences in initial target DNA 
concentration. 

Conversely, if the number of target molecules is 
Known — a$ it can be in generic screeiiing-^continuous 
monitoring may provide a means pf detecting fafoc posi- 
tive and false negative result*. With a known number of 
target molecules, a true posidve would exhibit detectable 
fluorescence by a predictable number of cycles of PGR. 
Increases in fluorescence detected before or after that 
cycle would indicate potential artifacts. False negative 
results due to, for eacample,. inhibition of DNA polymer- 
ase, may be detected by including within cadi PCR an 
ineffiaendy amplifying marker. Tlus marker Tcsults in a 
fluorescence increase only after a large number of cy- 
cles — many more* than arc necessary to detect a true 



positive- If a sample fails to hare a fluorescence increase 
after this many cycles, inhibition ma)' be suspected. Since; 
In this assay, conclusions are drawn based on the presence 
or absence of fluorescence signal alone, such controls may 
be important In any event before any test based on this 
principle is ready for the clink, an assessment of its false 
positive/false negative rates will need to be obtained using 
a large number of known samples. 

In summary, thje inclusion ha PCR of dyes whose fluo- 
rescence is enhanced upon binding dsDNA makes it 
possible to detect specific DNA amplification from oucsidc 
the PCR tube. In the future, instruments based upon this 
principle may facilitate the more widespread use of PCR 
in applications that demand the high throughput of 
samples* 

EXPERIMENTAL PROTOCOL 

Hassan HLA-DOrc gtiftt amplifications containing Etftr. 

PCRs were set up in 100 ul volumes containing 10 mM TnVHQ, 
pH 8.3; 50 mM KC1; 4 mM MgC^: 23 units of To* DNA 
polymerase {P*rkm*Elmcr Cctui, Norwalk, CT); 20 proolc cacti 
of human HtA-DQa ' gene specific oligonucleotide primers 
(JH26 and CH27 1V and approximately W copies of DQflt PCR 
product diluted from a previous reaction. Ethidium bromide 
OEiBr; SigtwO was used at the ccmceatratioiu uidkated in Figure 
2. Thermocyding proceeded for 20 cycles in a model 4o0 
uicrHMxydcr <PerWn-EJcncr Ccuift, Nnrwailt, CT) ««nga "stcp- 
cyclc" program of 94*C for 1 rain, denaturatkw and 6v*G WoO 
sec annesSmg and 72°C for 30 ice extension. 

Y-chromotKraic specific PCR. PCRa (100 ul total reaction 
volume) containing 0,5 Y^/^xA EuV were prepared as described 
for HLA-DQa t except wiBx different primers and target DNAs. 
These PCR* contained 1 5 pmote each male DNA-*pOCtfjc prtmen 
YI. 1 and Vl.2 M , and cither 60 ng male, €0 oefenole, 2 ng mate, 
or no human DNA. Thexrnocytling was WXSTor 1 min- and 605C 
for 1 mm using a Vcp^ycie* program The number of cycles For 
a sample were as indicated in Figure 3. fluorescence measure- 

merit is described below. ^ 

AJUcfc-apccuic, human p-gtobin %co* PGR* Amplincauons of 
100 pJ volume* using 0 5 jig/ml of XtBr were prepared as 
described for H LA-DQa above except with different primers 2nd 
target DNAs. These PCRs -contained enW. primer pair HGPtf 
H614A <wR<Hype globin specific primers) or HGPSfllpMS gck- 
Ic-irlobin specific primers) at 10 pmole e*ch pnracr per PCR, 
These primers were developed by Wu ct aL al , Three different 

tacgei BNA* were tiso} in separate a mpltfi calkm&-^50 ng each of 
human DNA that was homozygous for the sfcWc 0*»ii (SS), DMA 
that was hetcroryraw for the sickle ttak (ASfc or DNA that m*i 
homozygous for the'w.t- globm CAA). Thcrmocycnrig.was for 30 
cycles at 94*C for 1 min. and 56*C for 1 nun. using 9 H srtep<ycte 
program. An anneaftog temperature of $B°C b*$TKcn <ihown fry 
Wu et ai ai to provide allclc^pccmc atjiplitouon. Cvmptcxd 
PCRs were priotograpned through a red fitter <Wratte*_Z3A} 
after placing the reaction tube* atop a model TM*36 tranflfflutfw- 
nator (UV-producti San- Gabriel, CA>. 

nuoTes<ence xneasuxdnent. Fluorescence rocasurcmenti were 
mad> on PCRs containing EtBr in * Fluorolog-2 flttorometcr 
(SPEX, Edison. NJ). Excitation was at the 500 nni band k ^ 
ihout 2 nm bandwidth with a GO 435 my cutn^lw^Mcto 
Grist. Inc^ Irvine. CA) to exclude «*^;otder Ugfat , Etmued 
light was detected at 5^0 nm with a bandwidth of about 7 nm. An 
ob 530 pm cut-off jfiltcr was used to remove the cxatauon ugm* 
Contitfttoa* nnor&icenee nKmhoting of FCR, Connnuous 
monitoring oiP a PCR in progress was accompltsued usmg the 
spcctrofluoromeicr and setdnga dcscrrbod above as well as a 
raeropuc accessory (5PJEX cat no. 1950) to both send cxcUaoou. 
ftght to, aod receive emitted Ught from, a PCR placed m a wcH «j 
a model -*80 therinpcyder (Pcrkhv-Elmer CetM*)- The probe ejd 
of the fiberoptic cable was attached with "5 mtoutc-epox)-" to tjte 
open top of a PCR tube (a 0^ ml polypropylene centrifuge WW 
with its cap removed) efTectively flcafiog £ The exposed too* 
the PCR lube and the end of the fiberoptic caWe were shielded 
from room light and the room light* were kept dunmed during 
each nm. The monitored PCR was an ampUticauon of *-cb*>- 
mosorne^pedne repeat sequences as described above, c»cept 
m an anneatingtetension cenrperaturc of 50nc Trie racoon 
was covered with xn'm«ral oil (2 drops) to prevertt evaporation- 
Thcrmocycfing" and fluorescence rowuccmcnt were «tar(eOw- 
multancously. A tirnc-basc scan witti a 10 second mtegrafaOn tnoc 
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km used and the emission signal was ratioed to' tbc excitation 
ugrtaJ to control lor changes lti ikhtfourcc interna ty. {feei.wcrc 
odlccted using the dro$O0Of, version 5,5 (SPEX) data system. 
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IMMUNO BIOLOGICAL LABORATORIES 



sCD-14 ELISA 



Trauma, Shock and Sepsis 




The CD-14 molecule Is" expressed on the surface of 
monocytes and some macrophages. Membrane- 
bound CD-14 is. a. receptor for lipopotysaccharide 
(LPS) comptexed to LPS-Binding-Protein (LBP). The 
concentration of te soluble form is altered under 
certain patlxrfogioa! conditions. There- is evidence for 
an important rote of s(XM 4 .with pofytraunrja, sepsis, 
burnings and inftammations. 
During septic conditions and acute infections it seems 
to be a prognostic marker and is therefore of value in 
monitoring these patients. 



IBL offers an EUSA for quantitative determination of 

soluble CD-14 in human serum, -plasma, cell-cutture 

supernatants and other biological fluids. 

Assay features: 12x8 determinations 

(microliter strips), 
precoated with a specific 
monoctona! antibody, 
2x1 hour incubation, 
standard range: 3-96 ng/mi 
detection limit: 1 ng/mi 
CV: intra- and interassay < 8% 



for more information cad or fax. 



GSSELLSCHAFT FOR IMMUMCHEMIE UND -BIOLOGIE MBH 

05TERSTRASSE 86 - D- 2000 HAMBURG 20 GERMANY TEL. +40/491 00 61-64 • FAX 
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Oligonucleotides with Fluorescent Dyes at 
Opposite Ends Provide a Quenched Probe 
System Useful for Detecting PCR Product 
and Nucleic Acid Hybridization 

Kenneth J, Livak, Susan J.A. Flood, Jeffrey Marmaro, William Giusti, and Karin Oeetz 



Perkin-EImer, Applied Biosystems Division, Foster City, California 94404 




The 5' nuclease PCR assay detects the 
accumulation of specific PCR product 
by hybridization and cleavage of a 
double-labeled fluorogenlc probe 
during the amplification reaction. 
The probe 1$ an oligonucleotide with 
both a reporter fluorescent dye and a 
quencher dye attached. An increase 
*n reporter fluorescence intensity In- 
icates that the probe has hybridized 
to the target PCR product and has 
been cleaved by the J' —►J' nucie- 
olytlc activity of Taq DNA polymerase. 
In this study, probes with the 
quencher dye attached to an internal 
nucleotide were compared with 
probes with the quencher dye at- 
tached to the 3 -end nucleotide. In all 
cases, the reporter dye was attached 
to the 5' end. All Intact probes 
showed quenching of the reporter 
fluorescence. In general, probes with 
the quencher dye attached to the 3'- 
end nucleotide exhibited a larger sig- 
nal In the 5' nuclease PCR assay than 
the Internally labeled probes. It Is 
proposed that the larger signal Is 
caused by Increased likelihood of 
cleavage by Taq DNA polymerase 
when the probe Is hybridized to a 
template strand during PCR. Probes 
with the quencher dye attached to 
the 3 '-end nucleotide also exhibited 
an Increase in reporter fluorescence 
intensity when hybridized to a com- 
plementary strand. Thus, oligonucle- 
jdes with reporter and quencher 
s attached at opposite ends can 
used as homogeneous hybridiza- 
tion probes. 



A 



homogeneous assay for detecting 
the accumulation of specific PCR prod- 
uct that uses a double-labeled fiuoro- 
genic probe was described by Lee et aL (l) 
The assay exploits the 5'-+ 3' nucle- 
olytic activity of Taq DNA poly- 
merase^ and is diagramed in Figure 1. 
The fluorogenic probe consists of an oli- 
gonucleotide with a reporter fluorescent 
dye, such as a fluorescein, attached to 
the 5' end; and a quencher dye, such as a 
rhodamine, attached internally. When 
the fluorescein Is excited by irradiation, 
its fluorescent emission will be 
quenched if the rhodamine is close 
enough to be excited through the pro- 
cess of fluorescence energy transfer 
(FET).< 4 - 5 > During PCR, if the probe is hy- 
bridized to a template strand, Taq DNA 
polymerase will cleave the probe be- 
cause of its inherent 5' -» 3' nucleolytic 
activity. If the cleavage occurs between 
the fluorescein and rhodamine dyes, it 
causes an increase in fluorescein fluores- 
cence intensity because the fluorescein 
is no longer quenched. The increase in 
fluorescein fluorescence intensity indi- 
cates that the probe-specific PCR product 
has been generated. Thus, FET between a 
reporter dye and a quencher dye is criti- 
cal to the performance of the probe in 
the 5' nuclease PCR assay. 

Quenching is completely dependent 
on the physical proximity of the two 
dyes. ( <° Because of this, it has been as- 
sumed that the quencher dye must be 
attached near the 5' end. Surprisingly, 
we have found that attaching a rho- 
damine dye at the 3' end of a probe 
still provides adequate quenching for 
the probe to perform in the 5' nuclease 



PCR assay. Furthermore, cleavage of this 
type of probe is hot required to achieve 
some reduction in quenching. Oligonu- 
cleotides with a reporter dye on the 5' 
end and a quencher dye on the 3' end 
exhibit a much higher reporter fluores- 
cence when double-stranded as com- 
pared with single-stranded. This should 
make it possible to use this type of dou- 
ble-labeled probe for homogeneous de- 
tection of nucleic acid hybridization. 



MATERIALS AND METHODS 
Oligonucleotides 

Table 1 shows the nucleotide sequence 
of the oligonucleotides used in this 
study. Linker arm nucleotide (IAN) 
phosphoramidite was obtained from 
Glen Research. The standard DNA phos- 
phoramidites, 6-carboxyfluorescein (6- 
FAM) phosphoramidite, 6-carboxytet- 
ramethylrhodamine succinimidyl ester 
(TAMRA NHS ester), and Phosphalink 
for attaching a 3'-blocklng phosphate, 
were obtained from Perkin-EImer, Ap- 
plied Biosystems Division. Oligonucle- 
otide synthesis was performed using an 
ABI model 394 DNA synthesizer (Applied 
Biosystems). Primer and complement 
oligonucleotides were purified using 
Oligo Purification Cartridges (Applied 
Biosystems). Double-labeled probes were 
synthesized with 6-FAM-Iabeied phos- 
phoramidite at the 5' end, LAN replacing 
one of the T's in the sequence, and Phos- 
phalink at the 3' end. Following de- 
protection and ethanol precipitation, 
TAMRA NHS ester was coupled to the 
lAN-containlng oligonucleotide in 250 
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FIGURE 1 Diagram of 5' nuclease assay. Stepwise representation of the 5' - 3' ^^ c ^' 
tivity of Taq DNA polymerase acting on a fiuorogenic probe during one extension phase of PCR. 




mM Na-bicarbonate buffer (pH 9.0) at 
room temperature. Unreacted dye was 
removed by passage over a PD-10 Sepha- 
dex column. Finally, the double-labeled 
probe was purified by preparative high- 
performance liquid chromatography 
(HPLC) using an Aquapore C 8 220x4.6- 
mm column with 7-u.m particle size. The 
column was developed with a 24-min 
linear gradient of 8-20% acetonitrile in 
0.1 m TEAA (triethylamine acetate). 
Probes are named by designating the se- 
quence from Table 1 and the position of 
the IAN-TAMRA moiety. For example, 
probe Al-7 has sequence Al with LAN- 
TAMRA at nucleotide position 7 from the 
5' end. 



PCR Systems 

All PCR amplifications were performed 
In the Perkin-Elmer GeneAmp PCR Sys- 
tem 9600 using 50-pl reactions that con- 
tained 10 mM Trls-HCl (pH 8.3), SO mM 
KC1, 200 vm dATP, 200 dCTP, 200 p,M 
dGTP, 400 |U< dUTP, 0.5 unit of AmpEr- 
ase uracil N-glycosyiase (Perkin-Elmer), 
arid 1.25 unit of AmpliTaq DNA poly- 
merase (Perkin-Elmer). A 295-bp seg- 
ment from exon 3 of the human p-actin 



gene (nucleotides 2141-2435 in the se- 
quence of Nakajima-ll|ima et aL) (7) was 
amplified using primers AFP and ARP 
(Table 1), which are modified slightly 
from those of du Breuil et al. <8) Actin am- 
plification reactions contained 4 mM 
MgCI 2 , 20 ng of human genomic DNA, 
SO nM Al or A3 probe, and 300 nM each 



primer. The thermal regimen was 50°C 
(2 min), 95°C (10 min), 40 cycles of 95°C 
(20 sec), 60°C (1 min), and hold at 72°C 
A SIS-bp segment was amplified from a 
plasmid that consists of a segment of X 
DNA (nucleotides 32,220-32,747) in- 
serted in the Smal site of vector pUCl 19. 
These reactions contained 3.5 mM 
MgCl 2 , 1 ng of plasmid DNA, 50 nM P2 or 
PS probe, 200 nM primer F119, and 200 
nM primer R119. The thermal regimen 
was 50°C (2 min), 95°C (10 min), 25 cy- 
cles of 95°C (20 sec), 57°C (I min), and 
hold at 72°C 



Fluorescence Detection 

For each amplification reaction, a 40-u,l 
aliquot of a sample was transferred to an 
individual well of a white, 96-well micro- 
ti ter plate (Perkin-Elmer). Fluorescence 
was measured on the Perkin-Elmer Taq- 
Man LS-50B System, which consists of a 
luminescence spectrometer with plate 
reader assembly, a 485-nm excitation fil- 
ter, and a SIS-nm emission filter. Excita- 
tion was at 488 nm using a 5-nm slit 
width. Emission was measured at 518 
nm for 6-FAM (the reporter or R value) 
and 582 nm for TAMRA (the quencher or 
q value) using a 10-nm slit width. To 
determine the increase in reporter emis- 
sion that is caused by cleavage of the 
probe during PCR, three normalizations 
are applied to the raw emission data. 
First, emission intensity of a buffer blank 
is subtracted for each wavelength. Sec- 
ond, emission intensity of the reporter is 




ACCCACAGGAACTGATCACCACTC 
ATGTCGCGTTCCGCCTGACGTTCTGC 
TCGCATTACTGATCGTl'GCCAACCAGTp 
GTACTGGTTGGCAACGATCAGTAATGCGATG 

CGGA'lTTGCTGGTATCrATGACAAGGATp 
TTCATCCTTGTCATAGATACCAGCAAATCCG 

TCACCCACACTGTGCCCATCTACGA 
CAGCGGAACCGCrCATTGCCAATGG 
ATGCCCTCCCCCATGCCATCCTGCGTp 
AGACGCAGGATGGCATGGGGGAGGGCATAC 

CGCCCrGGACTTCGAGCAAGAGATp 
CCATCTCTTG CTCGAAGTCCAGG GCG AC 

For each oligonucleotide used in this study, the nucleic acid sequence is given, ^ tte » * | ^ 
5' - 3' direction. There are three types of oligonucleotides: PCR primer, fiuorogenic P«>£u*£ 
in the S' nuclease assay, and complement used to hybridize to the corresponding probe. Fori 
p^SS^vib^ indicates a position where IAN with TAMRA attached was subsn- 
tuted for a T. (p) The presence of a 3' phosphate on each probe. 



F119 
R119 
P2 
P2C 
PS 
P5C 
AFP 
ARP 
Al 
A1C 
A3 
A3C 



primer 
primer 
probe 

complement 
probe 

complement 
primer 
primer 
probe 

complement 
probe 

complement 



358 PCR Methods and Applications 

PAGE Zf7 * RCVD AT 10(24/2005 5:55:20 PM [Pacific Daylight Time] * SVR:SVCS01/0 * DNIS:6034 * CSI0:(613) 991-5695 * DURATION (mm-SS):05-46 



From' (613) 991-5695 



Orde 



• 



5811209DP04816741 Mon 24 Oct 2005 




:35 PM EDT 



Page 4 of 7 




IIIIIResearch 




A1 -2 RAQGCCCTCCCCCATGCCATCCTGCGTp 

A1 -7 RATGCCCQCCCCCATGCCATCCTGCGTp 

A1 -1 4 RATGCCCTCCCCCAQGCCATCCTGCGTp 

A1 -1 $ RATGCCCTCCGCCATGCCAQCCTGCGTp 

A1-22 RATGCCCTCCCCCATGCCATCCQGCGTp 

A1-26 RatgccctcccccatgccatcctgcgQp 



Probe 


518 nm 


582 nm 


RQ- 


RQ+ 


ARQ 




no temp. 


+ temp. 


no temp. 


+ t«mp. 








A1-2 


25.5 ±2.1 


32.7 ± 1.9 


38.2 ± 3.0 


38.2 ±2.0 


0.6710.01 


0.8610.06 


0.1910.06 


A1-7 


53.5 ±4.3 


395.1 ±21.4 


108.516.3 


110.3 ±5.3 


0.49 ± 0.03 


3.5810,17 


3.0910.18 


A1-14 


127.0±4.9 


403.5 ±19.1 


109.7 ±5.3 


93.1 ±6.3 


1.1610.02 


4.3410.15 


3.1810.15 


A1-19 


187.5 ±17.9 


422.7 ± 7.7 

* 


70.3 ± 7.4 


73.0 ±2.8 


2.6710.05 


5.8010.15 


3.1310.16 


A1-22 


224.6 + 9.4 


482.2 ± 43.6 


100.0 ±4.0 


96.2 ± 9-6 


2.25 ± 0.03 


5.0210,11 


2.7710.12 


A1-26 


160.2 ±8.9 


454.1 + 18.4 


93.1 ±5.4 


90.7 ±3.2 


1.72 ±0.02 


5.0110.08 


3.2910.08 



FIGURE 2 Results of 5' nuclease assay comparing (3-actin probes with TAMRA at different nucle- 
otide positions. As described in Materials and Methods, PCR amplifications containing the in- 
dicated probes were performed, and the fluorescence emission was measured at 518 and 582 nm. 
Reported values are the average* 1 s.d. for six reactions run without added template (no temp.) 
and six reactions run with template ( + temp.). The RQ ratio was calculated for each individual 
reaction and averaged to give the reported RQ~ and RQ + values. 




divided by the emission intensity of the 
quencher to give an RQ ratio for each 
reaction tube. This normalizes for well- 
o-well variations in probe concentra- 
tion and fluorescence measurement. Fi- 
nally, ARQ is calculated by subtracting 
the RQ value of the no-template control 
(RQ") from the RQ value for the com- 
plete reaction including template 
(RQ + ). 



RESULTS 

A series of probes with increasing dis- 
tances between the fluorescein reporter 
and rhodamine quencher were tested to 
investigate the minimum and maximum 
spacing that would give an acceptable 
performance in the 5' nuclease PCR as- 
say. These probes hybridize to a target 



sequence in the human P-actin gene. 
Figure 2 shows the results of an experi- 
ment in which these probes were in- 
cluded in PCR that amplified a segment 
of the p-actin gene containing the target 
sequence. Performance in the S r nu- 
clease PCR assay is monitored by the 
magnitude of ARQ, which is a measure 
of the increase in reporter fluorescence 
caused by PCR amplification of the 
probe target. Probe Al-2 has a ARQ value 
that is close to zero, indicating that the 
probe was not cleaved appreciably dur- 
ing the amplification reaction. This sug- 
gests that with the quencher dye on the 
second nucleotide from the 5' end, there 
is insufficient room for Taq polymerase 
to cleave efficiently between the reporter 
and quencher. The other five probes ex- 
hibited comparable ARQ values that are 



clearly different from zero. Thus, all five 
probes are being cleaved during PCR am- 
plification resulting in a similar increase 
in reporter fluorescence. It should be 
noted that complete digestion of a probe 
produces a much larger increase in re- 
porter fluorescence than that observed 
in Figure 2 (data not shown). Thus, even 
in reactions where amplification occurs, 
the majority of probe molecules remain 
uncleaved. It is mainly for this reason 
that the fluorescence intensity of the 
quencher dye TAMRA changes little with 
amplification of the target. This is what 
allows us to use the 582-nm fluorescence 
reading as a normalization factor. 

The magnitude of RQ~ depends 
mainly on the quenching efficiency in- 
herent in the specific structure of the 
probe and the purity of the oligonucle- 
otide. Thus, the larger RQ~ values indi- 
cate that probes Al-14, Al-19, Al-22, and 
A 1-26 probably have reduced quenching 
as compared with Al-7. Still, the degree 
of quenching is sufficient to detect a 
highly significant increase in reporter 
fluorescence when each of these probes 
is cleaved during PCR. 

To further investigate the ability of 
TAMRA on the 3' end to quench 6-FAM 
on the 5' end, three additional pairs of 
probes were tested in the 5' nuclease 
PCR assay. For each pair, one probe has 
TAMRA attached to an internal nucle- 
otide and the other has TAMRA attached 
to the 3' end nucleotide. The results are 
shown in Table 2. For all three sets, the 
probe with the 3' quencher exhibits a 
ARQ value that is considerably higher 
than for the probe with the internal 
quencher. The RQ" values suggest that 
differences in quenching are not as great 
as those observed with some of the Al 
probes. These results demonstrate that a 
quencher dye on the 3' end of an oligo- 
nucleotide can quench efficientiy the 



At"." 



TABLE 2 Results of 5' Nuclease Assay Comparing Probes with TAMRA Attached to an Internal or 3'-terminal Nucleotide 



518 nm 



582 nm 



Probe 


no temp. 


+ temp. 


no temp. 


+ temp. 


RQ* 


RQ + 


ARQ 




A3-6 
-A3-24 


54.6 ± 3.2 
72.1 ± 2.9 


84.8 ± 3,7 
236,5 ±11.1 


116.2 ±6.4 
84.2 ± 4,0 


115.6 ± 2.5 
90.2 ± 3.8 


0.47 ± 0.02 
0.86 ± 0.02 


0.73 ± 0.03 
2.62 ±0.05 


0.26 ± 
1.76 ± 


0.04 
0.05 


P2-7 
^-27 


82.8 ± 4.4 
113.4 ±6.6 


384.0 ± 34.1 
555.4 ± 14.1 


105.1 ± 6.4 
140.7 ± 8.5 


120.4 ± 10.2 
1187 ± 4.8 


0.79 ± 0.02 
0.81 ± 0.01 


3.19 ± 0.16 
4 68 ± 0.10 


2.40 ± 
3.88 ± 


0.16 
0.10 


B-io 

TS-28 


77,5 ± 6.5 
64.0 ± S.2 


244.4 ± 15.9 
333.6 ±12.1 


86.7 ± 4.3 
100,6 ± 6.1 


95.8 ±6.7 
94.7 ± 6.3 


0.89 ± 0.05 
0.63 ± 0.02 


2.55 ± 0.06 
3.53 =t 0.12 


1.66 ± 
2.89 ± 


0.08 
0.13 



Reactions containing the indicated probes and calculations were performed as described in Material and Methods and in the legend to Fig. 2. 



PCR Methods and Applications 359 

PAGE 4/7 * RCVD AT 10/24/2005 5:55:20 PM [Pacific Daylight Time] * SVR:SVCS01/0 * DNIS:6034 * CSID:(613) 991-5695 * DURATION (mm-SS):05-46 



From (613) 991-5695 



Orde 



• 



5811209DP04816741 Mon 24 Oct 2005 




:35 PM EDT 



Page 5 of 7 



Researchlllli 






fluorescence of a reporter dye on the 5' 
end. The degree of quenching is suffi- 
cient for this type of oligonucleotide to 
be used as a probe in the 5' nuclease PCR 
assay. 

To test the hypothesis that quenching 
by a 3' TAMRA depends on the flexibility 
of the oligonucleotide, fluorescence was 
measured for probes in the single- 
stranded and double-stranded states. Ta- 
ble 3 reports the fluorescence observed 
at 518 and 582 nm. The relative degree 
of quenching is assessed by calculating 
the RQ ratio. For probes with TAMRA 
6-10 nucleotides from the 5' end, there 
is little difference in the RQ values when 
comparing single-stranded with double- 
stranded oligonucleotides. The results 
for probes with TAMRA at the 3' end are 
much different. For these probes, hy- 
bridization to a complementary strand 
causes a dramatic increase in RQ. We 
propose that this loss of quenching is 
caused by the rigid structure of double- 
stranded DNA, which prevents the 5' 
and 3' ends from being in proximity. 

When TAMRA is placed toward the 3' 
end, there is a marked Mg 2+ effect on 
quenching. Figure 3 shows a plot of ob- 
served RQ values for the Al series of 
probes as a function of Mg 2 " 1 " concentra- 
tion. With TAMRA attached near the 5' 
end (probe Al-2 or Al-7), the RQ value at 
0 mM Mg 2 * is only slightly higher than 
RQ at 10 mM Mg 2+ . For probes Al-19, 
Al-22, and Al-26, the RQ values at 0 mM 
Mg 2 * are very high, indicating a much 



reduced quenching efficiency. For each 
of these probes, there is a marked de- 
crease in RQ at 1 mM Mg 2+ followed by 
a gradual decline as the Mg 2 * concen- 
tration Increases to 10 mM. Probe Al-14 
shows an intermediate RQ value at 0 mM 
Mg 2 * with a gradual decline at higher 
Mg 2 * concentrations. In a low-salt en- 
vironment with no Mg 2 * present, a sin- 
gle-stranded oligonucleotide would be 
expected to adopt an extended confor- 
mation because of electrostatic repul- 
sion. The binding of Mg 2 * ions acts to 
shield the negative charge of the phos- 
phate backbone so that the oligonucle- 
otide can adopt conformations where 
the 3* end is close to the 5' end. There- 
fore, the observed Mg 2 * effects support 
the notion that quenching of a 5' re- 
porter dye by TAMRA at or near the 3' 
end depends on the flexibility of the oli- 
gonucleotide. 

DISCUSSION 

The striking finding of this study is that 
it seems the rhodamine dye TAMRA, 
placed at any position in an oligonucle- 
otide, can quench the fluorescent emis- 
sion of a fluorescein (6-FAM) placed at 
the 5' end. This implies that a single- 
stranded, double-labeled oligonucle- 
otide must be able to adopt conforma- 
tions where the TAMRA is close to the 5' 
end. It should be noted that the decay of 
6-FAM in the excited state requires a cer- 
tain amount of time. Therefore, what 



TABLE 3 Comparison of Fluorescence Emissions of Single-stranded and 
Double-stranded Fluorogenic Probes 



518 nm 



582 nm 



RQ 



Probe 


ss 


ds 


ss 


Us 


ss 


ds 


Al-7 


27.75 


68.53 


61.08 


138.18 


0.45 


0.50 


Al-26 


43.31 ' 


509.38 


53.50 


93.86 


0.81 


5.43 


A3-6 


16.75 


62.88 


39.33 


165.57 


0.43 


0.38 


A3-24 


30.05 


578.64 


67.72 


140,25 


0.45 


3.21 


P2-7 


35.02 


70.13 


54.63 


121.09 


0.64 


0.58 


P2-27 


39.89 


320.47 


65.10 


61.13 


0.61 


5.25 


P5-10 


27.34 


144.85 


61.95 


165.54 


0.44 


0.87 


P5-28 


33.65 


462.29 


72.39 


104.61 


0.46 


4.43 




(ss) Single-stranded. The fluorescence emissions at 518 or 582 nm for solutions containing a final 
concentration of SO nM indicated probe, 10 mM Tris-HCt (pH 8.3), 50 mM KC1, and 10 mM MgCl 2 . 
(ds) Double-stranded. The solutions contained, in addition, 100 nM A1C for probes Al-7 and 
Al-26, 100 nM A3C forpiobes A3-6 and A3-24, 100 nM P2C for probes P2-7 and P2-27, or 100 dm 
PSC for probes P5-10 and P5-28. Before the addition of MgCl* 120 jil of each sample was heated 
at 9S°C for 5 min. Following the addition of 80 of 25 mM MgCl 2 , each sample was allowed to 
cool to room temperature and the fluorescence emissions were measured. Reported values are 
the average of three determinations. 



matters for quenching is not the average 
distance between 6-FAM and TAMRA 
but, rather, how close TAMRA can get to 
6-FAM during the lifetime of the 6-FAM 
excited state. As long as the decay time of 
the excited state is relatively long com- 
pared with the molecular motions of the 
oligonucleotide, quenching can occur. 
Thus, we propose that TAMRA at the 3' 
end, or any other position, can quench 
6-FAM at the 5' end because TAMRA is in 
proximity to 6-FAM often enough to be 
able to accept energy transfer from an 
excited 6-FAM. 

Details of the fluorescence measure- 
ments remain puzzling. For example, Ta- 
ble 3 shows that hybridization of probes 
Al-26, A3-24, and P5-28 to their comple- 
mentary strands not only causes a large 
Increase in 6-FAM fluorescence at 518 
nm but also causes a modest increase in 
TAMRA fluorescence at 582 nm. If 
TAMRA is being excited by energy trans- 
fer from quenched 6-FAM, then loss of 
quenching attributable to hybridization 
should cause a decrease in the fluores- 
cence emission of TAMRA. The fact that 
the fluorescence emission of TAMRA in- 
creases indicates that the situation is 
more complex. For example, we have an- 
ecdotal evidence that the bases of the 
oligonucleotide, especially G, quench 
the fluorescence of both 6-FAM and 
TAMRA to some degree. When double- 
stranded, base-pairing may reduce the 
ability of the bases to quench. The pri- 
mary factor causing the quenching of 
6-FAM in an intact probe is the TAMRA 
dye. Evidence for the importance of 
TAMRA is that 6-FAM fluorescence 
remains relatively unchanged when 
probes labeled only with 6-FAM are used 
in the 5' nuclease PCR assay (data not 
shown). Secondary effectors of fluores- 
cence, both before and after cleavage of 
the probe, need to be explored further. 

Regardless of the physical mecha- 
nism, the relative independence of posi- 
tion and quenching greatly simplifies 
the design of probes for the 5' nuclease 
PCR assay. There are three main factors 
that determine the performance of a 
double-labeled fluorescent probe in the 
5' nuclease PCR assay. The first factor is 
the degree of quenching observed in the 
intact probe. This is characterized by the 
value of RQ", which is the ratio of re- 
porter to quencher fluorescent emis- 
sions for a no template control PCR. In- 
fluences on the value of RQ" include 
the particular reporter and quencher 
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FIGURE 3 Effect of Mg 2+ concentration on RQ ratio for the Al series of probes. The fluorescence 
emission intensity at 5 1 8 and 582 nm was measured f ot solutions containing 50 nM probe, 10 mM 
Tris-HQ {pH 8.3), 50 mM KCl, and varying amounts (0-10 mM) of MgCi 2 . The calculated RQ 
ratios (518 run intensity divided by 582 nm intensity) are plotted vs. MgCl 2 concentration (mM 
Mg). The key (upper right) shows the probes examined. 




dyes used, spacing between reporter and 
quencher dyes, nucleotide sequence 
context effects, presence of structure or 
other factors that reduce flexibility of 
e oligonucleotide, and purity of the 
probe. The second factor is the efficiency 
of hybridization, which depends on 
probe T m , presence of secondary struc- 
ture in probe or template, annealing 
temperature, and other reaction condi- 
tions. The third factor is the efficiency at 
which Taq DNA polymerase cleaves the 
bound probe between the reporter and 
quencher dyes. This cleavage is depen- 
dent on sequence complementarity be- 
tween probe and template as shown by 
the observation that mismatches in the 
segment between reporter arid quencher 
dyes drastically reduce the cleavage of 
probe. U) 

The rise in RQ" values for the Al se- 
ries of probes seems to indicate that the 
degree of quenching is reduced some- 
what as the quencher is placed toward 
the 3' end. The lowest apparent quench- 
ing is observed for probe Al-19 (see Fig. 
3) rather than for the probe where the 
TAMRA is at the 3' end (Al-26). This is 
understandable, as the conformation of 
the 3' end position would be expected to 
be less restricted than the conformation 
of an internal position. In effect, a 
encher at the 3' end is freer to adopt 
informations close to the 5' reporter 
dye than is an internally placed 
quencher. For the other three sets of 



probes, the interpretation of RQ~ values 
is less clear-cut. The A3 probes show the 
same trend as Al, with the 3' TAMRA 
probe having a larger RQ~ than the in- 
ternal TAMRA probe. For the P2 pair, 
both probes have about the same RQ" 
value. For the P5 probes, the RQ" for the 
3' probe is less than for the internally 
labeled probe. Another factor that may 
explain some of the observed variation is 
that purity affects the RQ" value. Al- 
though all probes are HPLC purified, a 
small amount of contamination with 
unquenched reporter can have a large ef- 
fect on RQ". 

Although there may be a modest ef- 
fect on degree of quenching, the posi- 
tion of the quencher apparently can 
have a large effect on the efficiency of 
probe cleavage. The most drastic effect is 
observed with probe Al-2, where place- 
ment of the TAMRA on the second nu- 
cleotide reduces the efficiency of cleav- 
age to almost zero. For the A3, P2, and PS 
probes, ARQ is much greater for the 3' 
TAMRA probes as compared with the in- 
ternal TAMRA probes. This is explained 
most easily by assuming that probes 
with TAMRA at the 3' end are more likely 
to be cleaved between reporter and 
quencher than are probes with TAMRA 
attached internally. For the At probes, 
the cleavage efficiency of probe Al-7 
must already be quite high, as ARQ does 
not increase when the quencher is 
placed closer to the 3' end. This illus- 



trates the importance of being able to 
use probes with a quencher on the 3' 
end in the 5' nuclease PCR assay. In this 
assay, an increase in the intensity of re- 
porter fluorescence is observed only 
when the probe is cleaved between the 
reporter and quencher dyes. By placing 
the reporter and quencher dyes on the 
opposite ends of an oligonucleotide 
probe, any cleavage that occurs will be 
detected. When the quencher is attached 
to an internal nucleotide, sometimes the 
probe works well (Al-7) and other times 
not so well (A3-6). The relatively poor 
performance of probe A3-6 presumably 
means the probe is being cleaved 3' to 
the quencher rather than between the 
reporter and quencher. Therefore, the 
best chance of having a probe that reli- 
ably detects accumulation of PCR prod- 
uct in the 5' nuclease PCR assay is to use 
a probe with the reporter and quencher 
dyes on opposite ends. 

Placing the quencher dye on the 3' 
end may also provide a slight benefit in 
terms of hybridization efficiency. The 
presence of a quencher attached to an 
internal nucleotide might be expected to 
disrupt base-pairing and reduce the T m 
of a probe. In fact, a 2°C-3°C reduction 
in T m has been observed for two probes 
with internally attached TAMRAs. (9) This 
disruptive effect would be minimized by 
placing the quencher at the 3' end. Thus, 
probes with 3' quenchers might exhibit 
slightly higher hybridization efficiencies 
than probes with internal quenchers. 

The combination of increased cleav- 
age and hybridization efficiencies means 
that probes with 3' quenchers probably 
will be more tolerant of mismatches be- 
tween probe and target as compared 
with internally labeled probes. This, tol- 
erance of mismatches can be advanta- 
geous, as when trying to use a single 
probe to detect PCR-ampiified products 
from samples of different species. Also, it 
means that cleavage of probe during PCR 
is less sensitive to alterations in an- 
nealing temperature or other reaction 
conditions. The one application where 
tolerance of mismatches may be a disad- 
vantage is for allelic discrimination. Lee 
et al. <l> demonstrated that ailele-spedfic 
probes were cleaved between reporter 
and quencher only when hybridized to a 
perfectly complementary target This al- 
lowed them to distinguish the normal 
human cystic fibrosis allele from the 
AF5Q8 mutant. Their probes had TAMRA 
attached to the seventh nucleotide from 
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the 5' end and were designed so that any 
mismatches were between the reporter 
and quencher. Increasing the distance 
between reporter and quencher would 
lessen the disruptive effect of mis- 
matches and allow cleavage of the probe 
on the incorrect target. Thus, probes 
with a quencher attached to an internal 
nucleotide may still be useful for allelic 
discrimination. 

In this study loss of quenching upon 
hybridization was used to show that 
quenching by a 3' TAMRA is dependent 
on the flexibility of a single-stranded oli- 
gonucleotide. The increase in reporter 
fluorescence intensity, though, could 
also be used to determine whether hy- 
bridization has occurred or not. Thus, 
oligonucleotides with reporter and 
quencher dyes attached at opposite ends 
should also be useful as hybridization 
probes. The ability to detect hybridiza- 
tion in real time means that these probes 
could be used to measure hybridization 
kinetics. Also, this type of probe could be 
used to develop homogeneous hybrid- 
ization assays for diagnostics or other ap- 
plications. Bagwell et al. <10) describe just 
this type of homogeneous assay where 
hybridization of a probe causes an in- 
crease in fluorescence caused by a loss of 
quenching. However, they utilized a 
complex probe design that requires add- 
ing nucleotides to both ends of the 
probe sequence to form two imperfect 
hairpins. The results presented here 
demonstrate that the simple addition of 
a reporter dye to one end of an oligonu- 
cleotide and a quencher dye to the other 
end generates a fluorogenic probe that 
can detect hybridization or PCR amplifi- 
cation. 
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Wc have developed a novel "real time" quantitative PCR method. The method meaeures PCR product 
accumulation through a duaMabeled fluorogenlc probe (i.e., TaqMan ProN), This method provides very 
accurate and reproducible quantitation of gene copies. Unlike other quantitative PCR methods, real-time PCR 
does nor require post-PCR sample handling preventing potential PGR product carry-over contamination and 
resulting: In much faster and higher throughput assays. The real-time PCR method has a very large dynamic 
range of starting target molecule determination (at lea*t five orders of magnitude). Real-time Quantitative 
PCR is extremely accurate and less-labor-intensive than current quantitative PCR methods* 



Quantitative nucleic acid sequence analysis has 
had -in important role in many fields of biologi- 
cal research. Measurement of gent expression 
(RNA) has been used .extensively In monitoring 
biological responses to various stimuli flan el ai. 
1991; Huang el al. I995a,b; Prud'hommc el al. 
1995), Quantitative gene analysis (DNA) lias 
Ixt-n used to determine the genome quantity of a 
particular gene, as in the case ot the human HER2 
gene, which Is amplified in -30% of breast tu- 
mors (Marnon ct al. 1987). Gene and genome 
quantitation (DNA and UNA) also have been used 
for analysis of human immimodcficiency virus 
(iliV) buTden demonstrating changes in the lev- 
els of virus throughout the different phases of the 
disease (Connor et al. 1993; Platak ct al. jvv;$h; 
Purtado et al. 1995). 

Many methods have been described for the 
quantitative analysis ot nucleic acid sequences 
(both for RNA and DNA; Southern 1 Sharp el 
al. 19K0; Thomas 1980). Recently, PCR lias 
proven to be a powerful tool for quantitative 
nucleic acid analysis. PGR and reverse transcrip- 
tase (KT)-PCR have permitted Ihe analysis of 
minimal starting quantities of nucleic acid (as 
little as one cell equivalent). This has mode ]>os- 
sible many experiments that could not hove been 
performed with traditional methods. Although 
PCR has provided a powerful tool, it is imperative 



that It be u»cd properly for quant tuition (tt»uy- 
maekm 1995). Many early reports of quantita- 
tive PCR and RT-PCR described quantitation of 
the PCR product but did not measure the Initial 
target sequence quantity. It is essentia) to design 
proper controls for the quantitation of ihe initial 
target sequences (Perrc 1992; Clem em I ct al. 
100?) 

Researchers have developed several methods 
of quantitative PCR and RT-PCR. One approach 
measures PCR product quantity in the log phase 
of the reaction befoje the plateau (Kellogg ct al. 
1990; Pang et a), 1990). This method requires 
thai each sample has equal input amounts of 
nucleic add and that each sample undev analysis 
amplifies with identical efficiency up to the. point 
of quantitative analysis. A gene sequence (con- 
tained in all samples at relatively constant quan- 
tity such ax p-actln) can be us«d for sample, 
amplification efficiency normalization. Using 
conventional methods of VCAX detection and 
quantitation (gel electrophoresis or plate capture 
hybridization), it is extremely laborious to assure 
that all samples are analyzed during the log phase 
of the reaction (for lH>lh the taTgcl gene and the 
normalization gene). Another method, quantita* 
live competitive '(QC)"RCR, has been developed 
and is used widely for PCR quantitation. QC-PCR 
n:lies on the inclusion of an interna) control 
competitor in each reaction (Beckcr-Andrc 1991; 
Plata k ct al. 1993«,1>); The efficiency of each re~ 
action is normalised to the internal competitor. 

A knnwn amount of internal competitor Can be 
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added to each sninpk*. To obtain relative quant- 
tot Ion, Ihe unknown target PCR product is com- 
pared with the known competitor Vt"M product. 
Success uf a quantitative competitive VC\i assay 
relies on developing an Internal control that am- 
j-iifiro with the same efficiency as tlie uugci mol* 
eculc. The design of the coinpethoi and the vn)l- 
Gallon of amplification efficiencies acquire w 
dedicated effort. However, because Qf ^-l'CU does 
nut require that PCJR ptoditcts be analyzed during 
the lot; phase of the. iimpl ideation* it is the easier 
uf the two method* to use. 

Several detection Kystcius we umh! for quan 
Utative l-'CK and UT-I»CH analysis: (1) agarose 
gels, (2)Xluuxv»i\rul labeling uf T*C:R products mid 
detection with la.iCT-mduccd fluorescence using 
capillary electrophoresis (hasco el a). 1995; Wil- 
liams er al. 1 996) or acrylauiUk* gels, and (3) plute 
capture and sand with probe hybrid l/.at Son (Mul- 
der fit al. 1994). Although these method* provttd 
successful, each method requires post-l'CR ma- 
nipulations That add Tlnm to the analysis ami 
may lead lu kibu'utoiy i out dirt i nation, The 
sample throughput uf these mc-thuds is limited 
(wlUi the exception of the plate capture ap- 
proach), ,«nd, therefore, these methods are not 
wcJI suited fiu u-m-*^ ctctiitiiidin^ bigh sample 
Throughput (I.e., screening of large numbers of 

ui analysing AAmpk'a fuj diagnos- 
tics or clinical tricks). 

Here, wc report the development uf a novel 
■•essay for quantitative DNA analysis. The assay is 
Iwyed on the iistt of the S' nucled.se assay first 
described by Holliiiid' et al. (1991). The method 
»wm the 5' nuclease Activity of l\uf pulymc.ra.ic to 
cleave a noncxtc.ndlblc hybridl/Ation prol>c dur- 
ing tlie extension phase of I'OU. The Approach 
uses dual-labcJcd fluorogenic hybridisation 
probes (Lcc et al. 1993; Hauler ct al. 1995; Uvok 
et «K l$9£o # b). One fluorescent dyv serves as a 
reporter |PAM (i.e., 6-carboxyfluoredvcin)| and its 
emission spectra is quenched by the second fluo- 
rescein dy«, TAMRA (!.«., u-carboxy-ietramethyl- 
rhodaminc). The nuclease degradation of the hy- 
bridisation probe releases the quenching of |Jk* 
I'AM fluorescent emission, resulting in an In- 
crease hi peak fluorescent emission at 53 run. 
The use Of <i sequence detector (AIM I'rism) allows 
measurement of fluorescent .spectra of all 96 wells 
of the thermal cycler continuously during the 
1*CK amplification. Therefore, the reuclious aic 
monttorvd in real lime. The output data is de- 
scribed and quantitative analysis of input target 
I )N A sequences ts discussed below. 



RESULTS 

PCR Product Derealon in Rwal Time 

The goal was to develop a high-throughput, sen- 
sitive, and Atu- urate gene quantitation assay for 
use Jn monitoring JJpid mediated therapeutic 
gene delivery. A plasm Id encoding human factor 
V)li gene sequence, pI>8TM (sec Methods). w;is 
used as a model therapeutic gene. The assHy use* 
fluorescent Taqman methodology and an instru- 
ment capable of measuring fluorescence in real 
time (Alii Prism 7700 Sequence Oelcclor). Ilie 
T«qnt;«n reaction requires a hybridist loi ) probe 
lalxrled with two different flu o reticent dyes. One 
dye Is a reporter dyv (1 ; AM), the other w quench- 
ing dye (TAMRA). When thepruln: is intact, fluo- 
ic&ccnt energy transfer occurs and the reporter 
dye fluorescent emission is absorbed by the 
quenching dye (TAMRA) . During the extension 
phase of the VCR cycle, the fluorescent hybrid- 
ization probe Is cleaved by the 5'-.V nuclcolytic 
actlvity of the DNA poiymcruse. On cleavage of 
the probe, the reporter dye emission is no longer 
transferred efficiently ro ihe quenching dye, re 
suittnK bi an in urease- of the reporter tlye fluorct- 
cent vmijfjiiujt ftp^tctra. PCJR primers and probun 
were designed fui the human fctclur VJ1I se- 
quence and hum an p-actln gene (us described in 
Methods). Opiimizatlon re Act Ions were per- 
formed to choose the appropriate probe -und 
magnesium conccnuations yielding the highest 
Intensity of reporter fluorescent sigivil without 
sacrificing specificity. The Instrument uses a 
chfM'Ku.couplcd device (i.e., CCD camera) for 
measuring the fluorescent emission spectm from 
5iOO ii> rJ5f) nm. Kach.rcil tube was monitored 
sequeiitinlly for 26 msec with continuous moni- 
toring throughout the amplification. Each lube 
wa« rr-«xandricd every H.5 see. Computer 5K>f(- 
ware was designed to examine the fluorescent hi* 
tensity of both the reporter dye (PAM) and 
the quenching dye (TAMRA), The I lnore.sc.cnt 
intensity of the quenching dye, TAMUA, changes 
very Utile over the course of the PCR ampllfi* 
cation (data not shown). Therefore, the Intensity 
of TAM11A dye omission serves as un internal 
standard wltll Which to norm id toe the reporter 
dyi: (l : AM) emission variations. Tl>e noftware cal- 
cultttea a v<ilue termed AHn (or AHO) using the 
following equation: ARn - (Un J ) (Hn"), where 
\<t\ a . ornlNHloji intensity i>t reporter/emission in- 
tensity of quencher at nny given lime In n reae 
tlon tube, «ud Ru r* emission iotensitily of re- 



091 6*6 XVd 6S^T 2002/SO/oT 



From : BML 



PHONE No. : 310 472 0905 



Dec. 05 2002 12:22RM P13 




HLIL) n AL 



portcr/CmlSSlOI) llilemily uf quencher measured 
prior to rCK itmplilication in flint same reaction 
tube. Yot the purpose of quantitation, the Um 
three data j>oint$ (AKttS) collected during the, e** 
tension step for each K'k cycle wore analyzed. 
The nucleolytic degradation of tile, Hyundai ion 
probe occurs during the extension phase or i't ;u, 
and, therefore, reporter fluorescent common Jo- 
creases during this time. 'Jin: iiucc data polritN 
were averaged for each i'Ck cycle and the mean 
value for each was plotted in an "amplification 
plot" shown In J'iflurc J A. The AKn mean value is 
plotted on the j^-axis, and time, represented hy 
cycle number, is plotted on the A-axis. During the 
early cycles of the T'Ot amplification, the ARn 



value remains at base line When sufficient hy- 
bridization probe has been cleaved by the Tin} 
I x>iy unerase nuclcsAfiO activity, the intensity of re- 
porter fliicn-ctccnt emission liiereu*et.. \4osi PCK 
ainplifiuttjons reach i» plateau phnNo of reporter 
fluorescent emifision If the reaction Is carried out 
to high cycle uuiuIhtin. The amplification plot \'J 
examined vaily in the reaction, ut a point IhAl 
icpjcsents ihe log phnso of product arrmnula* 
tion. This is done by ws&ignlng an arbiljiuy 
ihreshoJd thui \a based on the variability of the 
foas«-liiicdyia- In Figure. 1 A, the threshold was set 
at 10 standard deviations above the mean of 
V/ajvo lln<i enifcmou calculated from crydcn 1 lo 1 5. 
Once the threshold is chosen, the point at which 
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Figure 1 PGR product detection in real time. (A) The Model 7700 buftware will eonsiruct amplification plot* 
from the extension phase fluorescent emission data collected during the PCR amplification. The standard de- 
viation is determined from the data points collected from the base line of the amplification ploL C, values are 
calculated by determining the point at which the fluorescence exceeds a threshold limit (usually 10 times the 
standard deviation of the base line). (B) Overlay of amplification plots of serially (1:2) diluted human genomic 
DNA samples amplified with 0-»ctin primers. (C) Input DMA concentration of the samples plotted versus C T . All 
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the amplification plot crobftefi the threshold" is de- 
fined as C P C, is reported us ihc cycle number ;*1 
thl* point. Ar will be demon *t rut «d, I hi* O f .value 
lit piedicdvt of the quantity of input target. 

Cj Values Provide a Quantitative Hea^urcmcnr- of 
input Targer Sequences 

Plgurc 1B shows amplification plots of lii*<)i>Tisv- 

ent PGR amplifications overlaid. 'I*hc amplify 
tions were performed on a 1:2 serial dilution itf 
human genomic J)NA. The amplified target w:u 
human p actln. The -amplification plot* xhifl to 
the right (to higher threshold cycles) n* the input 
target quantity is roSucod. 'JT>ir. is expected ho- 

VMitm nittctiortK with fewer .^rting enphw of the 
larget molecule require greater amplification to 
degrade enough probe to attain the Threshold 
fluorescence. An arbitrary threshold of 10 stan- 
dard deviations above the base line was used to 

determine the G r values. Figure 1C represents the 
C r values plotted versus the simple dilution 
value, Each dilution was amplified in triplicate 
Pr amplifications and plotted as mean values 
with error bars representing one standard devia- 
tion. The C r values decrease linearly with increas- 
ing target quantity. Thus, G, valutas can be used 
as a quantitative measurement of t lie input target 
number. It should be noted that the amplifica- 
tion plot for tile 15.6* ng sample shown In Mgure 
IB does not reflect the same fluorescent rate of 
Increase exhibited by most of the other samples.. 
The 15,6-ng sample also achieves c-.ndpoini pla- 
teau at a lower fluorescent value than would he 
expected based on the input I>NA. This pheuom- 
enon. has been. (Served occasionally with other 
samples (data not shown) and may be attribut- 
able to late cycle inhibition; this hypothesis is 
still under investigation, ft is important to note 
that the flattened slope and early plateau do not 
impact significantly the calculated O, value us 
demonstrated by the fit on the line shown In 
Figure 1 C All triplicate amplifications resulted in 
very similar C, values— the standard deviation 
did not exceed 0,5 for any dilution. This experi- 
ment contains a > 1 00,000-fold range of input tar- 
get molecules. Using C v values for quantitation 
permits a much larger assay range than dircctJy 
using total fluorescent emission intensity for 
quantitation. The linear range. oi iluorcsccnl in- 
tensity measurement of the AIM Prism 7700 $e- 
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rmmts over n very large r;in$»<> of relative* starting 
target quantities. 

Sample Preparation Validation 

Several parameters influence the ofllclency of 
PC:R amplification: magnesium and sail cohecn* 
tr at ions, reaction conditions (j.e„ time, and le.m- 
pcrature), PCH target size and composition, 

primer sequences, and sample purity. All of The 
above (actors are common to a single veil assay, 
except sample to sample purity, in an effort to 
validate the method of sample preparation for 
the iacior Viil assay, PCK amplification reproduc 
ilulity and eificlency ol 30 replicate sample 

pi i»| wrations were examined. After genomic DNA 
was prepared from the 10 replicate samples, the 
DNA was quamiiaicd by ultraviolet spectroscopy. 
Ampiincallons were performed analyzing p-aciln 
gem: content in 100 and 25 iij; of total genomic 
DNA. Each I'CK amplification was performed in 
triplicate. Comparison of C r values for each trip, 
iicate sample show minimal variation based on 
standard deviation and coefficient of variance 
(Table 1). Therefore, each ol the triplicate PCU 
amplifications was highly reproducible, demon. 
Strailng that real time I'CK using this instrumen- 
tation introduces minimal variation into the. 
quantitative J'CK analysis. Comparison of the 
mean C n values of the JO replicate sample prepa- 
rations also showed minimal variability, indicat- 
ing that each sample preparation yielded similar 
results for p-acttn gene quantity. The highest C, T 
difference between any of the samples was 0.S5 
• and 0.7] for the 100 and 25 ng samplers, respec- 
tively. Additionally, the amplification of each 
sample exhibited an equivalent rale of fluoro 
cent emission intensity change per amount of 
DNA target analyzed as indicaicd by similar 
slopes derived from ibc sample dilutions (Pig, 2). 
Any sample containing an excess of a 1'Clt inhibi- 
tor would exhibit a greater measured (3-actln G r 
value for a given quantity of DNA. In addition, 
the inhibitor would be diluted along with lint 
sample in the dilution analysis (Hg. 1) t altering 
the expected C r value change. Each sample an> 
pJJfication yielded a similar result in the analysis, 
demonstrating (hat this method of sample prepa- 
ration is highly reproducible with regard to 
sample purity. 

.Quantitative Anafvsis of a Plasm id After 

Z0S6 09i, 6*6 IVd 6S:n Z00Z/20/Z1 



From ; BML 



PHONE Ho, ; 310 472 0905 



Dec, 05 2002 12:23ftH PIS 



HI It) I I AL 



4 • I 



» J * * * ■ *Ml if* 



Tablo 1 . Reproducibility of Sample Preparation Method 



T 



8 



10 



Moan 



100 ng 



Samplo 

no. C T 



standard 
deviation 



18,24 

18,23 

13.33 

18.33 

18.35 

1fi,44 

1B.3 

18,3 

1tM2 

18,15 

18.23 

18.32 

18.4 

18.38 

18.46 

18.54 

18.67 

19 

18.28 

18.36 

18.52 

18.45 

1B.7 

18.73 

18.18 

18,31 
18.26 

18.42 
18,57 
1 8.66 

0 10) 



13.27 0.06 



18/*7 0.06 



18.34 0.07 



18.23 o.oe 



1B.42 0.04 



18.74 0.24 



18.39 0.12 



18.63 0.16 



18.29 0.1 



1 8.55 
18.-12 



0.12 
0.17 



cv 



0.32 
0,36 

0.46 

0,23 

1.26 

0.66 

0.83 

0.55 

0.65 
0,90 



20.48 

20.55 

20,5 

20.61 

20.59 

20.41 

20.54 

20.6 

20.49 

20.48 

20.44 

20.38 

20.68 

20.87 

20.63 

21.09 

21.04 

21 .04 

20,67 
20,73 
20.6S 
20,98 
20.84 
20.75 
20.46 

20.54 
20.48 
20.79 
20.78 
20.62 



25 ng 



I M. * *4 t 



standard 
mean deviation 



• *m *m * - - • #« * 



20.51 0.03 



70.54 0,11 



20.54 0.06 



20.43 



20.73 
20.66 



0.05 



20.73 0.1 3 



21.06 0.03 



20.68 0.04 



20.86 Q.12 



20.51 0,07 



0.1 
0,19 



CV 



0.17 

0.54 

0,26 

0.26 

0.61 

0.15 

0.2 

0.57 

0.32 

* 

0.16 
0.94 



(or containing a partial cDNA for human factor 
vnr; pi-STM. A series of transections was act 
up using a decreasing- amount of the plasmid v (40, 
4, W.5, and 0.1 u,g). Twt-my-four hours post- 
tranafeelion, total DNA w«t» purified from each, 
flask uf veib. p-Aclin gcuc quantity wa> chosen as 
a value for norma ligation of ^.uuiiik I'JNA con- 
centration frum each sample. In this cxpeiinient, 
|i-acnn gene content should remain constant 
relative to rotal genomic DNA. Figure a show* the 
result of (he p-acrln DNA measurement (100 ng 
total DNA determined hy ultraviolet spectros- 
Copy) Ot' each sample. Kach *ampte was analyzed 
in triplicate and the mean (4-actin C,. values of 
the triplicates were plotted (error bars represent 

CoO® 



between any iwo sample* moan* was OMS C r Ten 
nanograms of total DNA of each Sample: were also 
examined for p-actin. llic results again showed 
that very similar amounts of genomic DNA were 
present; the. maximum mean p actm C: t value 
difference wa.s 1 .0. As Figure 3 shows, the rale of 
P-actiu C r change between the 100 and 10-ng 
sample* was similar (slope values r;ing« buhvoon 
3.56 and - 3,45). Thin verifies again that the 
method of .sample preparation yields samples of 
identical PCR integrity (he-, no sample contained 
an excessive amount uf a PCR Inhibitor). ITow. 
tsver, these results Indicate that each sample eon 
talncd slight diffciences in the actual amount of 
genomic DNA aualyxcd. Determination of actual 
ucuumR' DNA concentration was accomplished 
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Figure 2 Sample preparation purity. 1 he replicate 
samples shown In Table 1 worxj also amplified In 
tripicate using 25 ng of each DNA sample. The fig- 
oifc shows die input DNA concentration (100 and 
25 ng) vs. C, In ih#* figure, ihp 100 and 75 ng 
points for each sample are connected by a line. 



by plotting the mean (3-actio O, value obtained 
for each 100- stuuplu on a p-actm standard 
curve (shown in J'Sg. 40). The actual genomic 
DNA concentration of each sum pit:, was ob 
tallied by extrapolation to thu *uxii, 

Figure 4 A sliows the- measured (8-«. f nun* 
normflU?ied) quantities of /actor VJJJ plaunid 
DNA (pJtJTM) frou* each of tl»<: four transient cell 
tran>fecUons. Each reaction contained 100 ng of 
total sample DNA (as determined by UV spectros- 
copy), l&ch sample wa.s uualyzoO in triplicate 
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Figure 3 Analy>l> of li«tnsfectcd cell DNA quantity 
and purity. I he DNA preparations of the four 293 
cell transfections (40, 4, 0.5, and 0.1 fxg of pF8TM) 
were analysed for the P-actln gene. 100 and 10 ng 
(determined by ultraviolet spectroscopy) of each 
sample were amplified in triplicate. For each 
amount of pF8TM that was transfected, the (3-aciln 
C T values are plotted versus the total Input DNA 



V<:U amplification*. As shown, pFBTM purified 
,htj\v Jbe cells decrease.*; (mean C, values in- 
ertui^O.; with decreasing amounts of plasntid 
aruit^ii'i.lcd- The mwn values obtained for 
pWTM •mTigurc 4A were plotted on u standard 
curve cc»niprl<ted uf scilahy diluted pKHTM, 
shown .in figure 4B. The quantity uJ pI'KTM, h f 
found in each of the four transections was de- 
termined by extrapolation to the* * axk; of the 
standard curve In Pigurc 4B. 'Iluae uncorrected 
values, b, for pKKTM were nor i nailed to deter- 
mine the actual amount of found pur 100 
rifj of genomic ONA by using the equation:. 

0 x 10 0 ng ^ actual pt'S'lTvl copies per 
(t ~ 1<>0 j)g genomic DNA 

where a actual (■uiomic 1WA in u sample and * 

/; pPB'lTvl copies from the standard curve, '11 >e 
notmaiir.cd quantity of pl'BTM per 100 ng of ge- 
nomic DNA for each of the four irana'factlons Is 
sHown ia Hgure 4\U, 'Hicse rr.>uUr» Miow ihc 
quanuty of factor vill plasiuld a«tn.Jated with 
the cellN, 2<l lir ufter trujusfvctinti, . Ucciimscv 
wlth decreasing; pJaMiifiJ coiK.uiHiatiOii u.scd in 
the tramfrt^ion. Tin: quantity of pi'til'M n»soeJ- 
atcu with 293 cells, after uunsfealon with 40 fxg 
of piaKiniU, was 35 pgper 100 ng genumlc 1>NA. 
Tills results in -520 plaiinid copies per cell. 



DISCUSSION 

We have described a new method for quanti tilt- 
ing- gene copy numbers using rcaMlmc an u lysis 
of PCJR amplifications. ReaMlme l^CK is compat- 
ible with cJthvr of the two PCR (KT-PCR) ap- 

proachei: (1) quantitative competitive- where an 
hiteinal wi»i|*K*tItOf for each target sequence is 
used for normaHKaUon (data not shown) or (2) 
quautitailve comparative PCK usJuy a uwniiccli^a- 
tion gene contained within the sample (i.e., p-ac- 
tiii) or a ^housekeeping" gene for If 
equal amounts of nucleic ac.Jd are analyzed for 
each sample and if the amplification effkirncy 
before quantitative analysb i> identical for each 
sample, the Inrenial cunt it il (nui ma li^it Ion ^cne 
or competitor) should give equal M^nah for alJ 
samples. 

The real-time PCK method <;ffers sevcnil ad- 
vitnlagcs over the other two methods currently 
employed (see the introduction). First, the real- 
time 1*CR method is performed in a doscd-tubc 
system and requires no post-PCR manipulation 
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Figure 4 Quantitative AnalyKte of pFSTM in transfected tells. (A) Amount of 
plasmid DNA used for I he transaction plotted against the im-un C, value deter- 
"pJSij for P r8TM rcmaln8 '«J ^ hr after transection. (0,C) Standard curvrj of 
pf-RTM *nd jS-actln, respectively. pf$TM DNA (0) and genomic-. -pNA (Q were 
diluted Anally 1 ;5 before amplification with the appropriate primers. The B-actin 
standard curve wav used to normalise the results of /I to 1 00 rt<j of genomic DNA. 
(O) The amount of pFSTM present per 100 ng of genomic DNA. 



of sample. Tbereforc, I lie potent^) for PCtt con- 
t<i ml nation in the laboratory is reduced because 
amplified products can h<». »u»Jyved and disposed 
of without opening tin* reaction tubes. Second, 
this method suppoiU the use ofa uormali^itioij 
gene (La, P-actin) for quantitative PGR or house- 
keeping genes for quantitative RT-l'Ck controls. 
Analysis Is performed in real time during the log 
phase of product accumulation. Analysis during 
)uk phase permits many different genes (over a 
wide input target range) to be analy/cd slmuha- 
neuusly, without concern of reaching reaction 
plateau at different cycled. Tliis will make iiuiftl- 
gene analysis assays much casle.i Uj develop, be- 
cause individual internal uimpcUlUiS Will nul Ixr 
needed for c«eh gene under analysis Third, 
sample throughput will iuiiea<vc diamaliicdly 
with the new method because, there is no post- 
VCR processing time. Additionally, walking In a 
n 6>w«li format Is highly compatible with auto* 
million technology. 

The real-time 1>CR method is highly repro- 
ducible. Replicate amplifications can be analysed 



for ?a C h sample minimizing jHMcmial error. The. 
sysntm allow* for a very large assay dynamic: 
range (approaching 1,000,000-fold Marting tai- 
get). Ualng a .standard curve for the target oi in- 
terest, rvJutJve copy number values can be deter- 
mined for any unknown sample. Fluorescent 
threshold values, C p eojieJatr. linearly with rela- 
tive DNA copy numbers. Real time quantitative 
KT-PCK methodology (C.j Ibsen i et al.; this l.uut*) 
has also been developed, finally, real time qu<iM- 
titative f'CU methodology can be used to develop 
high-throughput screening assays for a variety of 
applications [quantitative gene c*pie»sh>ii (KT- 
PCft), gene copy a^ays <!1cr2, 1)IV, etc.)/ gcni> 
typing (knockout mouse, analysis), and Inifliunu- 

rcuj. • ■ 

Real-time POU may al.w Iws performed using 
intercalating dyc.s (Hlguchi ct al. such as 

cOiJdium bromide. The fluorogenic probe 
method offers a major advantage over inter- 
calating dyes- 'greater specificity (i.e./ primer 
dlmvrs and nonspecific 1*CR products are. not de- 
tuned). 
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METHODS 

Generation uf <t fjasmld Containing a Partial 

cDNA for Human Factor VIII 

Total UNA wo» harvested (UNAfcM » o\*i»» *(*<•> Tc*t, l«*c„ 
rrjendswood, TX) from cu]l> tiMiwfeclod with o f net or VIII 
t v]ire?)ylofi vt*cJor. pC:lSZ,lk?,5U (Km on el id. WHO; dor. 
man et al. 1900). A factor VIII partial el IN A «rfvnie?HV W«S 
trnvrnUiA try IVV VCM K.VneAmp V'J. iTlll UNA W.U Xl< 
(part N8OR-OV/9, l'b Applied hiosystcms, l-ostei CUy, CJ\)\ 
using the VCZtl ptunvti J- 8 for niul l-*ftrcv (priini'r .Sequences 

arc ahown below), Tin* am pi Icon was reampitfird using 
modified 1'tHfor and Wrcv primers (nn|x'iuled with /imwM 
and /tfudlll res I rid Ion site sequence* mi thv y cpdj and 
clonal h«<> jXiliM- 3Z(Pron»cgu Corp., Mudwon, WI). The 
resulting clone, pP8TM, was used lor transient transfectlon 
of 2!M ceils. 



Amplification of Target DNA ami Detection of 
Amplicgn Factor VIII Plasmid DNA 

(pFHTM) was Hinplffml with die j«i»»vii rttfojr S '-<;<;< 

crr(K;(^\AUAU:JVA(Xii«TC-3' and M»rcv /» t -AAA<;<rr- 

t^OCXn'OGA'JXUjTAOG-n'.llitt rvitclloii pfodnvtil ti 
np K:k product. The forwiird primer was denned to kv 
ognlze. (t unique M-ipieiue found In I he- 5' unlramhMrd 
r<?,K>n of the. panrui uCi32.o\Z5l> pi d Mind mid therefore 
dov* not icAJognL/.c: amplify the human factor VI] I 
gene, I'rimofft woro eh ok on willi thy sv*isl<inrf of I he com- 
puter program Oligo 1,0 (Ntttiorud llioxcicnces, Inc.. (My. 
mouth, MN). The human p-aetln £**ne w*is amplified with 
the primers fi-t« liii forward primer S ' TCACCOACA< TtXYV 
GCCCATO'AOGA-.V and p-actuj reverse p»iwer V.CAt;. 

C0GAACCX:rrJ'<:An(K:(^AjGG-3'. The reaction' pro- 
duced a 2y5-r>p rClt product. 

Amplification reactions (SO p,l) contained a DNA 
sample, K»x \KM Buffo H (a pd), 200 yM dAlT, dCTl\ 
dGTft and 400 p-M dUTI», 4 nu< Mg<;i ?( umis Ampll 
Tat) UNA polymerase, 0,5 unit AmpKrnsc uracil /V-giy- 

cn.iyiunc (UNO), SO pinole of ench facloi Vlll jtrlmvi, unci 15 
pinota of iwoli p aclln pdmw. Tho inaction*, utw* tnmtulncd 
000 Of (hC foUowlng cHectfnn pmhcjt (100 iim 

mi*rt.*hr f*H^AU)AacTr<rn:axcMr<ic:nx^rvi:rar. 

GCGTT{TAMRA)p 3' and p-«ctin probe 5' (FAM)ATCCXU;- 
XClAMJtA)CCCCr;ATGa";ATCp..T wl.crc p ifidlcales 
phosphorylation nnd X Indicates a linker arm nucte<itide. 
Reaction IuIk*» wtw Mic»»Art\p Opiii^al Tube!! (part Aum- ■ 
berMkOI OO.I^ Porkin Ulmer) that %vore f rofiU^I (Ml IVrkln 
Rimer) lo pre vcii I l!^iil fro in reflecting, Tube cop* were 
si mi lav in Micro Amp CnjM Intt specially dcsi&iicd lo pre- 
vent llfiln »euMcriiig. All oi ili<< Vi'AK wmmdlvU-* were ctO>»- 
|/l«:d 1>y PK Applied Wotfypttcms (h»*U*r f:i<y, CA) except 
the factor VI 11 primers, wlik'H wnr xyritlieslzcd ut Cenvn 
tcxh, Inc. (Seutth 5m t Franclse*^ CA), l*rol>ev ww dcsJ^nod 
u*lng the Oligf.» 4.0 .software, following guidelines 

j5C5ied in tnc Model 7700 .sequence IKwtor tit.vuumvjil 
manual. Hrlcfly, proUe T m ^htmld he al least 5 U C Ijlglirr 
in ail Mr antu'ullnx IciuiA-Mture u.ttd during Ihcrmul ey- 
rhngj primers sho\iltl not fonn M«ihlv duplexed willi ihe 
probe. 

The theni]4il «*y cling conditio o* Included 2 ltdri at 
S0 v C and 10 niin at 95"C. 'Ilirxmal cycling proccr<lcd with 
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reaction* wore i^erfonned io lh<« Mortal 7700 Sequence I^e- 
U^ctor (rt Applied bluieyvlvuiv), which omtxltn- j» Cciu - 
Amp l*<:K SyMvm P600* U<;a<;llon conditions wi-rr- jim* 
f^rutllllict,! on ,i I'uwer Mncintoj«h V100 {Apple f.V.uppntPr, 

Santa Clara, t:A) linked dirvcdy to the Motlel *V?0A Kv- 
(jucnev 1 Elector , Anuly*U of data w«v nUo iw'r^umcd on 
the Miu lriWish cumpviter. C'olindloii and annlyKU cnfiwaro 
wttK devclojwl hi 1*K Applied Blosysumis. 

Traiufection of Cells with Factor VIII Construct 

I'our 1175 flasks, of 293 cells (ATCX! CM. 157;t), n human 
fetal kidney froetpenfcion cell line, wvre H r,lw " to K0% con- 
llueney and transfeded pt'HTM. Cells were grown in (he 
following media: S0% HAM'X PI 2 without GMT, 50% lt>*-o 
glucose PuJheccn'jf mod If led Ka>»le rncdiuin (l)MUM) witli- 
out glycine with sodium bicarbonate, 10% ietal Uvvinc 
scrum, 2 imm L-gluUinlnt, and 1% pcnicilJin-strepiomy' 
vlo* 'lhc media waa vJiangcd 30 mln l>cfo"* *!»<• Uanafcc 
Uon, pJ : UTM WA a mount u of 40, 4, 0S r and OJ ^; were 
i*tlde<i lo 1..S ml of ft solution containing 0.125 m C^Ol^; 
and Ix lll'J^. The four mixture* were left at rt>om tern- 
(.»e.r»it*jrt' (<»t H) mln and then *td<le*l HnipwUt* to the cells. 
The fl«>k,N wvit* »K.uUiled al 37 a C and CO.. fnr 24 hf, 
wavhed with PltS, ^uti r<uui*pcndcd In PUS. The tvxm 
pvmkrtl ccll.i were divided into tdUpmln und DMA was c^- 
tracted luiincdlutely usinK lhv QJAu/up KIoikI Kit (Qlaften. 
<^j«t^wortl), <.1A). I>NA wos dnled Into 200 pd ol 30 n.W 
Trls-IICI olpUtt.0. 
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Contributed by David Botstein and Arnold J. Levine, October 21, 1998 

ABSTRACT Wnt family members are critical to many 
developmental processes, and components of the Wnt signal- 
ing pathway have been linked to tumorigenesis in familial and 
sporadic colon carcinomas. Here we report the identification 
of two genes, WISP-1 and WISP-2, that are up-regulated in the 
mouse mammary epithelial cell line C57MG transformed by 
Wnt-1, but not by Wnt -4. Together with a third related gene, 
WISP-3, these proteins define a subfamily of the connective 
tissue growth factor family. Two distinct systems demon- 
strated WISP induction to be associated with the expression of 
Wnt-1. These included (i) C57MG cells infected with a Wnt-1 
retroviral vector or expressing Wnt-1 under the control of a 
tet racy line repressible promoter, and (ii) Wnt-1 transgenic 
mice. The WISP-1 gene was localized to human chromosome 
8q24.1-8q243. WISP-l genomic DNA was amplified in colon 
cancer ceil lines and in human colon tumors and its RNA 
overexpressed (2- to > 30-fold) in 84% of the tumors examined 
compared with patient-matched normal mucosa. WISP-3 
mapped to chromosome 6q22-6q23 and also was overex- 
pressed (4- to > 40-fold) in 63% of the colon tumors analyzed. 
In contrast, WISP-2 mapped to human chromosome 20ql2- 
20ql3 and its DNA was amplified, but RNA expression was 
reduced (2- to > 30-fold) in 79% of the tumors. These results 
suggest that the WISP genes may be downstream of Wnt-1 
signaling and that aberrant levels of WISP expression in colon 
cancer may play a role in colon tumorigenesis. 



Wnt-1 is a member of an expanding family of cysteine-rich, 
glycosylated signaling proteins that mediate diverse develop- 
mental processes such as the control of cell proliferation, 
adhesion, cell polarity, and the establishment of cell fates (1, 
2). Wnt-1 originally was identified as an oncogene activated by 
the insertion of mouse mammary tumor virus in virus-induced 
mammary adenocarcinomas (3, 4), Although Wnt-1 is not 
expressed in the normal mammary gland, expression of Wnt-1 
in transgenic mice causes mammary tumors (5). 

In mammalian cells, Wnt family members initiate signaling 
by binding to the seven-transmembrane spanning Frizzled 
receptors and recruiting the cytoplasmic protein Dishevelled 
(Dsh) to the cell membrane (1, 2, 6). Dsh then inhibits the 
kinase activity of the normally constitutively active glycogen 
synthase kinase-30 (GSK-3/3) resulting in an increase in 
j3-catenin levels. Stabilized ]3-catenin interacts with the tran- 
scription factor TCF/Lefl, forming a complex that appears in 
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the nucleus and- binds TCF/Lefl target DNA elements to 
activate transcription (7, 8). Other experiments suggest that 
the adenomatous polyposis coli (APC) tumor suppressor gene 
also plays an important role in Wnt signaling by regulating 
/3-catenin levels (9). APC is phosphorylated by GSK-3/3, binds 
to 0-catenin, and facilitates its degradation. Mutations in 
either APC or /3-catenin have been associated with colon 
carcinomas and melanomas, suggesting these mutations con- 
tribute to the development of these types of cancer, implicating 
the Wnt pathway in tumorigenesis (1). 

Although much has been learned about the Wnt signaling 
pathway over the past several years, only a few of the tran- 
scriptionally activated downstream components activated by 
Wnt have been characterized. Those that have been described 
cannot account for all of the diverse functions attributed to 
Wnt signaling. Among the candidate Wnt target genes are 
those encoding the nodal-related 3 gene, Xnr3, a member of 
the transforming growth factor (TGF)-/3 superfamily, and the 
homeobox genes, engrailed, goosecoid, twin (Xtwn), and siamois 
(2). A recent report also identifies c-myc as a target gene of the 
Wnt signaling pathway (10). 

To identify additional downstream genes in the Wnt signal- 
ing pathway that are relevant to the transformed cell pheno- 
type, we used a PCR-based cDNA subtraction strategy, sup- 
pression subtractive hybridization (SSH) (11), using RNA 
isolated from C57MG mouse mammary epithelial cells and 
C57MG cells stably transformed by a Wnt-1 retrovirus. Over- 
expression of Wnt-1 in this cell line is sufficient to induce a 
partially transformed phenotype, characterized by elongated 
and refractile cells that lose contact inhibition and form a 
multilayered array (12, 13). We reasoned that genes differen- 
tially expressed between these two cell lines might contribute 
to the transformed phenotype. 

In this paper, we describe the cloning and characterization 
of two genes up-regulated in Wnt-1 transformed cells, WISP-l 
and WISP-2, and a third related gene, WISP-3. The WISP genes 
are members of the CCN family of growth factors, which 
includes connective tissue growth factor (CTGF), Cyr61, and 
nov, a family not previously linked to Wnt signaling. 

MATERIALS AND METHODS 

SSH. SSH was performed by using the PCR-Select cDNA 
. Subtraction Kit (CLONTECH). Tester double-stranded 

Abbreviations: TGF, transforming growth factor, CTGF, connective 
tissue growth factor; SSH, suppression subtractive hybridization; 
VWC, von Willebrand factor type C module. 

Data deposition: The sequences reported in this paper have been 
deposited in the Genbank database (accession nos. AF100777, 
AF100778, AF100779, AF100780, and AF100781). 
tTo whom reprint requests should be addressed, e-mail: diane@gene. 
com. 
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cDNA was synthesized from 2 jig of poly(A)* RNA isolated 
from the C57MG/ Wnt-1 cell line and driver cDNA from 2 fig 
of poly(A)* RNA from the parent C57MG cells. The sub- 
tracted cDNA library was subcloned into a pGEM-T vector for 
further analysis. 

cDNA Library Screening. Clones encoding full-length 
mouse WISP-l were isolated by screening a AgtlO mouse 
embryo cDNA library (CLONTECH) with a 70-bp probe from 
the original partial clone 568 sequence corresponding to amino 
acids 128-169. Clones encoding full-length human WISP-l 
were isolated by screening AgtlO lung and fetal kidney cDNA 
libraries with the same probe at low stringency. Clones en- 
coding full-length mouse and human WISP-2 were isolated by 
screening a C57MG/Wnt-1 or human fetal lung cDNA library 
with a probe corresponding to nucleotides 1463-1512. Full- 
length cDNAs encoding WISPS were cloned from human 
bone marrow and fetal kidney libraries. 

Expression of Human WISP RNA. PCR amplification of 
first-strand cDNA was performed with human Multiple Tissue 
cDNA panels (CLONTECH) and 300 u-M of each dNTP at 
94°C for 1 sec, 62°C for 30 sec, 72°C for 1 min, for 22-32 cycles. 
. WISP and glyceraIdehyde-3-phosphate dehydrogenase primer 
sequences are available on request. 

In Situ Hybridization. 33 P-labeled sense and antisense ribo- 
probes were transcribed from an 897-bp PCR product corre- 
sponding to nucleotides 601-1440 of mouse WISP-l or a 
294-bp PCR product corresponding to nucleotides 82-375 of 
mouse WISP-2. All tissues were processed as described (40). 

Radiation Hybrid Mapping. Genomic DNA from each 
hybrid in the Stanford G3 and Genebridge4 Radiation Hybrid 
Panels (Research Genetics, Huntsville, AL) and human and 
hamster control DNAs were PCR-amplified, and the results 
were submitted to the Stanford or Massachusetts Institute of 
Technology web servers. 

Cell Lines, Tumors, and Mucosa Specimens. Tissue speci- 
mens were obtained from the Department of Pathology (Uni- 
versity of Pittsburgh) for patients undergoing colon resection 
and from the University of Leeds, United Kingdom. Genomic 
DNA was isolated (Qiagen) from the pooled blood of 10 
normal human donors, surgical specimens, and the following 
ATCC human cell lines: SW480, COLO 320DM, HT-29, 
WiDr, and SW403 (colon adenocarcinomas), SW620 (lymph 
node metastasis, colon adenocarcinoma), HCT 116 (colon 
carcinoma), SK-CO-1 (colon adenocarcinoma, ascites), and 
HM7 (a variant of ATCC colon adenocarcinoma cell line LS 
174T). DNA concentration was determined by using Hoechst 
dye 33258 intercalation f luorimetry. Total RNA was prepared 
by homogenization in 7 M GuSCN followed by centrifugation 
over CsCl cushions or prepared by using RNAzol. 

Gene Amplification and RNA Expression Analysis. Relative 
gene amplification and RNA expression of WISPs and c-myc in 
the cell lines, colorectal tumors, and normal mucosa were 
determined by quantitative PCR. Gene-specific primers and 
fluorogenic probes (sequences available on request) were 
designed and used to amplify and quantitate the genes. The 
relative gene copy number was derived by using the formula 
2 (Acl) where ACt represents the difference in amplification 
cycles required to detect the WISP genes in peripheral blood 
lymphocyte DNA compared with colon tumor DNA or colon 
tumor RNA compared with normal mucosal RNA. The 
<5-method was used for calculation of the SE of the gene copy 
number or RNA expression level. The W'YS/'-specific signal was 
normalized to that of the glyceraldehyde-3-phosphate dehy- 
drogenase housekeeping gene. All TaqMan assay reagents 
were obtained from Perkin-Elmer Applied Biosysterns. 

RESULTS 

Isolation of WISP-l and WISP-2 by SSH. To identify Wnt- 
1-inducible genes, we used the technique of SSH using the 



mouse mammary epithelial cell line C57MG and C57MG cells 
that stably express Wnt-1 (11). Candidate differentially ex- 
pressed cDNAs (1,384 total) were sequenced. Thirty-nine 
percent of the sequences matched known genes or homo- 
logues, 32% matched expressed sequence tags, and 29% had 
no match. To confirm that the transcript was differentially 
expressed, semiquantitative reverse transcription-PCR and 
Northern analysis were performed by using mRNA from the 
C57MG and C57MG/Wnt-1 cells. 

Two of the cDNAs, WISP-l and WISP-2, were differentially 
expressed, being induced in the C57MG/Wnt-1 cell line, but 
not in the parent C57MG ceils or C57MG cells overexpressing 
Wnt-4 (Fig. 1 A and B). Wnt-4, unlike Wnt-1, does not induce 
the morphological transformation of C57MG cells and has no 
effect on /3-catenin levels (13, 14). Expression of WISP-l was 
up-regulated approximately 3-fold in the C57MG/Wnt-1 cell 
line and WISP-2 by approximately 5-fold by both Northern 
analysis and reverse transcription-PCR. 

An independent, but similar, system was used to examine 
WISP expression after Wnt-1 induction. C57MG cells express- 
ing the Wnt-1 gene under the control of a tetracycline- 
repressible promoter produce low amounts of Wnt-1 in the 
repressed state but show a strong induction of Wnt-1 mRNA 
and protein within 24 hr after tetracycline removal (8). The 
levels of Wnt-1 and WASP RNA isolated from these cells at 
various times after tetracycline removal were assessed by 
quantitative PCR. Strong induction of Wnt-1 mRNA was seen 
as early as 10 hr after tetracycline removal. Induction of WISP 
mRNA (2- to 6-fold) was seen at 48 and 72 hr (data not shown). 
These data support our previous observations that show that 
WISP induction is correlated with Wnt-1 expression. Because 
the induction is slow, occurring after approximately 48 hr, the 
induction of WISPs may be an indirect response to Wnt-1 
signaling. 

cDNA clones of human WISP-l were isolated and the 
sequence compared with mouse WISP-l. The cDNA sequences 
of mouse and human WISP-l were 1,766 and 2,830 bp in length, 
respectively, and encode proteins of 367 aa, with predicted 
relative molecular masses of — 40,000 (M T 40 K). Both have 
hydrophobic N-terminal signal sequences, 38 conserved cys- 
teine residues, and four potential N-linked glycosylation sites 
and are 84% identical (Fig. 24). 

Full-length cDNA clones of mouse and human WISP-2 were 
1,734 and 1,293 bp in length, respectively, and encode proteins 
of 251 and 250 aa, respectively, with predicted relative molec- 
ular masses of ^27,000 (M T 27 K) (Fig. 25). Mouse and human 
WISP-2 are 73% identical. Human WISP-2 has no potential 
N-linked glycosylation sites, and mouse WISP-2 has one at 
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Fig. 1. WISP-l and WISP-2 are induced by Wnt-1, but not Wnt-4, 
expression in C57MG cells. Northern analysis of WISP-l (A) and 
WISP-2 (B) expression in C57MG, C57MG/Wnt-1, and C57MG/ 
Wnt-4 cells. Poly(A)+ RNA (2 fig) was subjected to Northern blot 
analysis and hybridized with a 70-bp mouse WISP- 1-spccific probe 
(amino acids 278-300) or a 190-bp WISP-2- specific probe (nucleotides 
1438-1627) in the 3' untranslated region. Blots were rehybridized with 
human 0-actin probe. 
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Fig. 2. Encoded amino acid sequence alignment of mouse and 
human WISP-1 (A) and mouse and human WISP-2 (B). The potential 
signal sequence, insulin-like growth factor-binding protein (IGF-BP), 
VWC, thrombospondin (TSP) f and C-terminal (CT) domains are 
underlined. 

position 197. WISP-2 has 28 cysteine residues that are con- 
served among the 38 cysteines found in WISP-1. 

Identification of WISP-3. To search for related proteins, we 
screened expressed sequence tag (EST) databases with the 
WISP-1 protein sequence and identified several ESTs as 
potentially related sequences. We identified a homologous 
protein that we have called WISP-3. A full-length human 
WlSP-3 cDNA of 1,371 bp was isolated corresponding to those 
ESTs that encode a 354-aa protein with a predicted molecular 
mass of 39,293. WISP-3 has two potential N-linked glycosyl- 
ation sites and 36 cysteine residues. An alignment of the three 
human WISP proteins shows that WISP-1 and WISP-3 are the 
most similar (42% identity), whereas WISP-2 has 37% identity 
with WISP-1 and 32% identity with WISP-3 (Fig. 3/*). 

WISPs Are Homologous to the CTGF Family of Proteins. 
Human WISP-1, WISP-2, and WISPS are novel sequences; 
however, mouse WISP-1 is the same as the recently identified 
Elml gene. Elml is expressed in low, but not high, metastatic 
mouse melanoma cells, and suppresses the in vivo growth and 
metastatic potential of K-1735 mouse melanoma cells (15). 
Human and mouse WISP-2 are homologous to the recently 
described rat gene, rCop-1 (16). Significant homology (36- 
44%) was seen to the CCN family of growth factors. This family 
includes three members, CTGF, Cyr61, and the protoonco- 
gene nov. CTGF is a chemotactic and mitogen ic factor for 
fibroblasts that is implicated in wound healing and fibrotic 
disorders and is induced by TGF-/3 (17). Cyr61 is an extracel- 
lular matrix signaling molecule that promotes cell adhesion, 
proliferation, migration, angiogenesis, and tumor growth (18, 
19). nov (nephroblastoma overexpressed) is an immediate 
early gene associated with quiescence and found altered in 
Wilms tumors (20). The proteins of the CCN family share 
functional, but not sequence, similarity to Wnt-1. All are 
secreted, cysteine-rich heparin binding glycoproteins that as- 
sociate with the cell surface and extracellular matrix. 

WISP proteins exhibit the modular architecture of the CCN 
family, characterized by four conserved cysteine-rich domains 
(Fig. 35) (21). The N-terminal domain, which includes the first 
12 cysteine residues, contains a consensus sequence (GCGC- 
CXXC) conserved in most insulin-like growth factor (IGF)- 
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Fig. 3. (A) Encoded amino acid sequence alignment of human 
WISPs. The cysteine residues of WISP-1 and WISP-2 that are not 
present in WISP-3 are indicated with a dot. (5) Schematic represen- 
tation of the WISP proteins showing the domain structure and cysteine 
residues (vertical lines). The four cysteine residues in the VWC domain 
that are absent in WISP-3 are indicated with a dot. (C) Expression of 
WISP mRNA in human tissues. PCR was performed on human 
multiple-tissue cDNA panels (CLONTECH) from the indicated adult 
and fetal tissues. 

binding proteins (BP). This sequence is conserved in WISP-2 
and WISP-3, whereas WISP-1 has a glutamine in the third 
position instead of a glycine. CTGF recently has been shown 
to specifically bind IGF (22) and a truncated nov protein 
lacking the IGF-BP domain is oncogenic (23). The von Wil- 
lebrand factor type C module (VWC), also found in certain 
collagens and mucins, covers the next 10 cysteine residues, and 
is thought to participate in protein complex formation and 
oligomerization (24). The VWC domain of WISP-3 differs 
from all CCN family members described previously, in that it 
contains only six of the 10 cysteine residues (Fig. 3 A and B). 
A short variable region follows the VWC domain. The third 
module, the thrombospondin (TSP) domain is involved in 
binding to sulfated glycoconjugates and contains six cysteine 
residues and a conserved WSxCSxxCG motif first identified in 
thrombospondin (25). The C-terminal (CT) module contain- 
ing the remaining 10 cysteines is thought to be involved in 
dimerizatiori and receptor binding (26). The CT domain is 
present in all CCN family members described, to date but is 
absent in WISP-2 (Fig. 3 A and B). The existence of a putative 
signal sequence and the absence of a transmembrane domain 
suggest that WISPs are secreted proteins, an observation 
supported by an analysis of their expression and secretion from 
mammalian cell and baculovirus cultures (data not shown).. 

Expression of WISP mRNA in Human Tissues. Tissue- 
specific expression of human WISPs was characterized by PCR 
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analysis on adult and fetal multiple tissue cDNA panels. 
WISP-1 expression was seen in the adult heart, kidney, lung, 
pancreas, placenta, ovary, small intestine, and spleen (Fig. 3C). 
Little or no expression was detected in the brain, liver, skeletal 
muscle, colon, peripheral blood leukocytes, prostate, testis, or 
thymus. WISP-2 had a more restricted tissue expression and 
was detected in adult skeletal muscle, colon, ovary, and fetal 
lung. Predominant expression of WISP-3 was seen in adult 
kidney and testis and fetal kidney. Lower levels of WISP-3 
expression were detected in placenta, ovary, prostate, and 
small intestine. 

In Situ Localization of WISP- 1 and WISP-2. Expression of 
WISP'l and WISP-2 was assessed by in situ hybridization in 
mammary tumors from Wnt-1 transgenic mice. Strong expres- 
sion of WISP-1 was observed in stromal fibroblasts lying within 
the fibrovascular tumor stroma (Fig. 4 A-D). However, low- 
level WISP-1 expression also was observed focally within tumor 
cells (data not shown). No expression was observed in normal 
breast. Like WISP-1, WISP-2 expression also was seen in the 
tumor stroma in breast tumors from Wnt-1 transgenic animals 
(Fig. 4 E-H). However, WISP-2 expression in the stroma was 
in spindle-shaped cells adjacent to capillary vessels, whereas 
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Fig. 4, (>4, C, £, and C) Representative hematoxyiin/eosin-stained 
images from breast tumors in Wnt-1 transgenic mice. The correspond- 
ing dark-field images showing WISP-1 expression are shown in B and 
D. The tumor is a moderately well-differentiated adenocarcinoma 
showing evidence of adenoid cystic change. At low power (A and B),. 
expression of WISP-1 is seen in the delicate branching fibrovascular 
tumor stroma (arrowhead). At higher magnification, expression is seen 
in the stromal(s) fibroblasts (C and D), and tumor cells are negative. 
Focal expression of WISP* I, however, was observed in tumor cells in 
some areas. Images of WISP-2 expression are shown in E-H. At low 
power (E and F), expression of . WISP-2 is seen in cells lying within the 
fibrovascular tumor stroma. At higher magnification, these cells 
appeared to be adjacent to capillary vessels whereas tumor cells are 
negative (G and H). 



the predominant cell type expressing WISP-1 was the stromal 
fibroblasts. 

Chromosome Localization of the WISP Genes. The chro- 
mosomal location of the human WISP genes was determined 
by radiation hybrid mapping panels. WISP-1 is approximately 
3.48 cR from the meiotic marker AFM259xc5 [logarithm of 
odds (lod) score 16.31] on chromosome 8q24. 1 to 8q24.3, in the 
same region as the human locus of the novH family member 
(27) and roughly 4 Mbs distal to c-myc (28). Preliminary fine 
mapping indicates that WISP-1 is located near D8S1712 STS. 
WISP-2 is linked to the marker SHGC-33922 (lod = 1,000) on 
chromosome 20ql2-20ql3.1. Human WISP-3 mapped to chro- 
mosome 6q22-6q23 and is linked to the marker AFM211ze5 
(lod = 1,000). WISP-3 is approximately 18 Mbs proximal to 
CTGF and 23 Mbs proximal to the human cellular oncogene 
MYB (27, 29). 

Amplification and Aberrant Expression of WISPs in Human 
Colon Tumors. Amplification of protooncogenes is seen in 
many human tumors and has etiological and prognostic sig- 
nificance. For example, in a variety of tumor types, c-myc 
amplification has been associated with malignant progression 
and poor prognosis (30). Because WISP-1 resides in the same 
general chromosomal location (8q24) as c-myc, we asked 
whether it was a target of gene amplification, and, if so, 
whether this amplification was independent of the c-myc locus. 
Genomic DNA from human colon cancer cell lines was 
assessed by quantitative PCR and Southern blot analysis. (Fig. 
5 A and B). Both methods detected similar degrees of WISP-1 
amplification. Most cell lines showed significant (2- to 4-fold) 
amplification, with the HT-29 and WiDr cell lines demonstrat- 
ing an 8-fold increase. Significantly, the pattern of amplifica- 
tion observed did not correlate with that observed for c-myc, 
indicating that the c-myc gene is not part of the amplicon that 
involves the WISP-1 locus. 

We next examined whether the WISP genes were amplified 
in a panel of 25 primary human colon adenocarcinomas. The 
relative WISP gene copy number in each colon tumor DNA 
was compared with pooled normal DNA from 10 donors by 
quantitative PCR (Fig. 6). The copy number of WISP-1 and 
WISP-2 was significantly greater than one, approximately 
2-fold for WISP-1 in about 60% of the tumors and 2- to 4-fold 
for WISP-2 in 92% of the tumors (P < 0.001 for each). The 
copy number for WISP-3 was indistinguishable from one (P = 
0.166). In addition, the copy number of WISP-2 was signifi- 
cantly higher than that of WISP-1 (P < 0.001). 

The levels of WISP transcripts in RNA isolated from 19 
adenocarcinomas and their matched normal mucosa were 
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Fig. 5. Amplification of WISP-1 genomic DNA in colon cancer cell 
lines. (A) Amplification in cell line DNA was determined by quanti- 
tative PCR. (B) Southern blots containing genomic DNA (10 fig) 
digested with £coRI (WISP-1) or Xbal (c-myc) were hybridized with 
a 100-bp human WISP- 1 probe (amino acids 186-219) or a human 
c-myc probe (located at bp 1901-2000). The WISP and myc genes are 
detected in normal human genomic DNA after a longer film exposure. 
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Fig. 6. Genomic amplification of WISP genes in human colon 
tumors. The relative gene copy number of the WISP genes in 25 
adenocarcinomas was assayed by quantitative PCR, by comparing 
DNA from primary human tumors with pooled DNA from 10 healthy 
donors. The data are means ± SEM from one experiment done in 
triplicate. The experiment was repeated at least three times. 

assessed by quantitative PCR (Fig. 7). The level of WISP-1 
RNA present in tumor tissue varied but was significantly 
increased (2- to >25-fold) in 84% (16/19) of the human colon 
tumors examined compared with normal adjacent mucosa. 
Four of 19 tumors showed greater than 10-fold overexpression. 
In contrast, in 79% (15/19) of the tumors examined, WISP-2 
RNA expression was significantly lower in the tumor than the 
mucosa. Similar to WISP-I, WISP-3 RNA was overexpressed in 
63% (12/19) of the colon tumors compared with the normal 
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Fig. 7. WISP RNA expression in primary human colon tumors 
relative to expression in normal mucosa from the same patient 
Expression of WISP mRNA in 19 adenocarcinomas was assayed by 
quantitative PCR. The Dukes stage of the tumor is listed under the 
sample number. The data are means ± SEM from one experiment 
done in triplicate. The experiment was repeated at least twice. 



mucosa. The amount of overexpression of WISPS ranged from 
4- to >40-fold. 



DISCUSSION 

One approach to understanding the molecular basis of cancer 
is to identify differences in gene expression between cancer 
cells and normal cells. Strategies based on' assumptions that 
steady-state mRNA levels will differ between normal and 
malignant cells have been used to clone differentially ex- 
pressed genes (31). We have used a PCR-based selection 
strategy, SSH, to identify genes selectively expressed in 
C57MG mouse mammary epithelial cells transformed by 
Wnt-1. 

Three of the genes isolated, WISP-I, WISP-2, and WISP-3, 
are members of the CCN family of growth factors, which 
includes CTGF, Cyr61, and nov, a family not previously linked 
to Wnt signaling. 

Two independent experimental systems demonstrated that 
WISP induction was associated with the expression of Wnt-1. 
The first was C57MG cells infected with a Wnt-1. retroviral 
vector or C57MG cells expressing Wnt-1 under the control of 
a tetracyline-repressible promoter, and the second was in 
Wnt-1 transgenic mice, where breast tissue expresses Wnt-1, 
whereas normal breast tissue does not. No WISP RNA expres- 
sion was detected in mammary tumors induced by polyoma 
virus middle T antigen (data not shown). These data suggest 
a link between Wnt-1 and WISPs in that in these two situations, 
WISP induction was correlated with Wnt-1 expression. 

It is not clear whether the WISP s are directly or indirectly, 
induced by the downstream components of the Wnt-1 signaling 
pathway (i.e., £-catenin-TCF-l/Lefl). The increased levels of 
WISP RNA were measured in Wnt-l-transformed cells, hours 
or days after Wnt-1 transformation. Thus, WISP expression 
could result from Wnt-1 signaling directly through 0-catenin 
transcription factor regulation or alternatively through Wnt-1 
signaling turning on a transcription factor, which in turn 
regulates WISPs. 

The WISPs define an additional subfamily of the CCN family 
of growth factors. One striking difference observed in the 
protein sequence of WISP-2 is the absence of a CT domain, 
which is present in CTGF, Cyr61, nov, WISP-1, and WISP-3. 
This domain is thought to be involved in receptor binding and 
dimerization. Growth factors, such as TGF-/3, platelet-derived 
growth factor, and nerve growth factor, which contain a cystine 
knot motif exist as dimers (32). It is tempting to speculate that 
WISP-1 and WISP-3 may exist as dimers, whereas WISP-2 
exists as a monomer. If the CT domain is also important for 
receptor binding, .WISP-2 may bind its receptor through a 
different region of the molecule than the other CCN family 
members. No specific receptors have been identified for CTGF 
or nov. A recent report has shown that integrin ctyfo serves as 
an adhesion receptor for Cyr61 (33). 

The strong expression of WISP-1 and WISP-2 in cells lying 
within the fibrovascular tumor stroma in breast tumors from 
Wnt-1 transgenic animals is consistent with previous obser- 
vations that transcripts for the related CTGF gene are pri- 
marily expressed in the fibrous stroma of mammary tumors 
(34). Epithelial cells are thought to control the proliferation of 
connective tissue stroma in mammary tumors by a cascade of 
growth factor signals similar to that controlling connective 
tissue formation during wound repair. It has been proposed 
that mammary tumor cells or inflammatory cells at the tumor 
interstitial interface secrete TGF-/31, which is the stimulus for 
stromal proliferation (34). TGF-/31 is secreted by a large 
percentage of malignant breast tumors and may be one of the 
growth factors that stimulates the production of CTGF and 
WISPs in the stroma. 

It was of interest that WISP-1 and WISP-2 expression was 
observed in the stromal cells that surrounded the tumor cells 
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(epithelial cells) in the Wnt-1 transgenic mouse sections of 
breast tissue. This finding suggests that paracrine signaling 
could occur in which the stromal cells could supply, WISP- 1 and 
WISP-2 to regulate tumor cell growth on the WISP extracel- 
lular matrix. Stromal cell-derived factors in the extracellular 
matrix have been postulated to play a role in tumor cell 
migration and proliferation (35). The localization of WISP-l 
and WISP-2 in the stromal cells of breast tumors supports this 
paracrine model. 

An analysis of WISP-l gene amplification and expression in 
human colon tumors showed a correlation between DNA 
amplification and overexpression, whereas overexpression of 
WISP-3 RNA was seen in the absence of DNA amplification. 
In contrast, WISP-2 DNA was amplified in the colon tumors, 
but its mRNA expression was significantly reduced in the 
majority of tumors compared with the expression in normal 
colonic mucosa from the same patient. The gene for human 
WISP^Q was localized to chromosome 20ql2-20ql3, at a region 
frequently amplified and associated with poor prognosis in 
node negative breast cancer and many colon cancers, suggest- 
ing the existence of one or more oncogenes at this locus 
(36-38). Because the center of the 20ql3 amplicon has not yet 
been identified, it is possible that the apparent amplification 
observed for WISP-2 may be caused by another gene in this 
amplicon. 

A recent manuscript on rCop-I, the rat orthologue of 
WISP-2, describes the loss of expression of this gene after cell 
transformation, suggesting it may be a negative regulator of 
growth in cell lines (16). Although the mechanism by which 
WISP-2 RNA expression is down-regulated during malignant 
transformation is unknown, the reduced expression of WISP-2 
in colon tumors and cell lines suggests that it may function as 
a tumor suppressor. These results show that the WISP genes 
are aberrantly expressed in colon cancer and suggest that their 
altered expression may confer selective growth advantage to 
the tumor. 

Members of the Wnt signaling pathway have been impli- 
cated in the pathogenesis of colon cancer, breast cancer, and 
melanoma, including the tumor suppressor gene adenomatous 
polyposis coli and /3-catenin (39). Mutations in specific regions 
of either gene can cause the stabilization and accumulation of 
cytoplasmic /3-catenin, which presumably contributes to hu- 
man carcinogenesis through the activation of target genes such 
as the WISPs. Although the mechanism by which Wnt-1 
transforms cells and induces tumorigenesis is unknown, the 
identification of WISPs as genes that may be regulated down- 
stream of Wnt-1 in C57MG cells suggests they could be 
important mediators of Wnt-1 transformation. The amplifica- 
tion and altered expression patterns of the WISPs in human 
colon tumors may indicate an important role for these genes 
in tumor development. . 
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methods. Peptides AENK or AEQK were dissolved in water, made isotonic with 
NaCl and diluted into RPMI growth medium. T- cell -proliferation assays were 
done essentially as described 2 " 1 . Briefly, after antigen pulsing (30^.gmr l 
TTCF) with tetrapeptides (l-2mgm!" l ) 1 PBMCs or EBV-B cells were 
washed in PBS and fixed for 45 s in 0.05% glutaraldehyde. Glycine was added 
to a final concentration of 0.1M and the cells were washed five times in RPMI 
1640 medium containing 1% FCS before co-culture with T-cell clones in 
round-bottom 96-well microtitre plates. After 48 h, the cultures were pulsed 
with 1 p.Ci of 3 H-thymidine and harvested for scintillation counting 16 h later. 
Predigestion of native TTCF was done by incubating 200 u,g TTCF with 0.25 u.g 
pig kidney legumain in 500 u,l 50 mM citrate buffer, pH 5.5, for I h at 37 °C. 
Glycopeptide digestions. The peptides HIDNEEDI, HIDN(N-glucosamine) 
EEDI and HIDNESDI, which are based on the TTCF sequence, and 
QQQHLFGSNVTDCSGNFCLFR(KKK), which is based on human transferrin, 
were obtained by custom synthesis. The three C-terminal lysine residues were 
added to the natural sequence to aid solubility. The transferrin glycopeptide 
QQQHLFGSNVTDCSGNFCLFR was prepared by tryptic (Promega) digestion 
of 5mg reduced, carboxy- methylated human transferrin followed by 
co nca naval in A chromatography 1 '. Glyco peptides corresponding to residues 
622-642 and 421-452 were isolated by reverse-phase HPLC and identified by 
mass spectrometry and N-terminal sequencing. The lyophilized transferrin - 
derived peptides were redissolved in 50 mM sodium acetate, pH 5.5, 10 mM 
dithiothreitol, 20% methanol. Digestions were performed for 3 h at 30 °C with 
5-50 mU ml" 1 pig kidney legumain or B-ceU AEP. Products were analysed by 
HPLC or MALDI-TOF mass spectrometry using a matrix of lOmgml -1 ct- 
cyanocinnamic acid in 50% acetonitrile/0.1% TFA and a PerSeptive Biosystems 
Elite STR mass spectrometer set to linear or reflector mode. Internal standar- 
dization was obtained with a matrix ion of 568.13 mass units. 
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Fas ligand (FasL) is produced by activated T cells and natural 
killer cells and it induces apoptosis (programmed cell death) in 
target cells through the death receptor Fas/Apol/CD95 (ref. 1). 
One important role of FasL and Fas is to mediate immune - 
cytotoxic killing of cells that are potentially harmful to the 
organism, such as virus-infected or tumour cells 1 . Here we 
report the discovery of a soluble decoy receptor, termed decoy 
receptor 3 (DcR3), that binds to FasL and inhibits FasL-induced 
apoptosis. The DcR3 gene was amplified in about half of 35 
primary lung and colon tumours studied, and DcR3 messenger 
RNA was expressed in malignant tissue. Thus, certain tumours 
may escape FasL-dependent immune-cytotoxic attack by expres- 
sing a decoy receptor that blocks FasL. 

By searching expressed sequence tag (EST) databases, we identi- 
fied a set of related ESTs that showed homology to the tumour 
necrosis factor (TNF) receptor (TNFR) gene superfamily 2 . Using 
the overlapping sequence, we isolated a previously unknown full- 
length complementary DNA from human fetal lung. We named the 
protein encoded by this cDNA decoy receptor 3 (DcR3). The cDNA 
encodes a 300-amino-acid polypeptide that resembles members of 
the TNFR family (Fig. la): the amino terminus contains a leader 
sequence, which is followed by four tandem cysteine- rich domains 
(CRDs). Like one other TNFR homologue, osteoprotegerin (OPG) 3 , 
DcR3 lacks an apparent transmembrane sequence, which indicates 
that it may be a secreted, rather than a membrane -asscociated, 
molecule. We expressed a recombinant, histidine-tagged form of 
DcR3 in mammalian cells; DcR3 was secreted into the cell culture 
medium, and migrated on polyacrylamide gels as a protein of 
relative molecular mass 35,000 (data not shown). DcR3 shares 
sequence identity in particular with OPG (31%) and TNFR2 
(29%), and has relatively less homology with Fas (17%). All of 
the cysteines in the four CRDs of DcR3 and OPG are conserved; 
however, the carboxy- terminal portion of DcR3 is 101 residues 
shorter. 

We analysed expression of DcR3 mRNA in human tissues by 
northern blotting (Fig. lb). We detected a predominant 1.2-kilobase 
transcript in fetal lung, brain, and liver, and in adult spleen, colon 
and. lung. In addition, we observed relatively high DcR3 mRNA 
expression in the human <:olon carcinoma cell line SW480. 

To investigate potential ligand interactions of DcR3, we generated 
a recombinant, Fc-tagged DcR3 protein. We tested binding of 
DcR3-Fc to human 293 cells transfected with individual TNF- 
family ligands, which are expressed as type 2 transmembrane 
proteins (these transmembrane proteins have their N termini in 
the cytosol). DcR3-Fc showed a significant increase in binding to 
cells transfected with FasL 4 (Fig. 2a), but not to cells transfected with 
TNF 5 , Apo2L/TRAIL 6,7 , Apo3L/TWEAK 8 ' 9 , or OPGL/TRANCE/ 
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RANKL 10 " 12 (data not shown). DcR3-Fc immunoprecipitated shed 
FasL from FasL-transfected 293 cells (Fig. 2b) and purified soluble 
FasL (Fig. 2c), as did the Fc-tagged ectodomain of Fas but not 
TNFRL Gel-filtration chromatography showed that DcR3-Fc and 
soluble FasL formed a stable complex (Fig. 2d). Equilibrium 
analysis indicated that DcR3-Fc and Fas-Fc bound to soluble 
FasL with a comparable affinity (K d = 0.8 ± 0.2 and 
1.1 ±0.1 nM, respectively; Fig. 2e), and that DcR3-Fc could 
block nearly all of the binding of soluble FasL to Fas-Fc (Fig. 2e, 
inset). Thus, DcR3 competes with Fas for binding to FasL. 

To determine whether binding of DcR3 inhibits FasL activity, we 
tested the effect of DcR3-Fc on apoptosis induction by soluble 
FasL in Jurkat T leukaemia cells, which express Fas (Fig. 3a). DcR3- 
Fc and Fas-Fc blocked soluble- FasL-induced apoptosis in a 
similar dose-dependent manner, with half-maximal inhibition at 
--0.1 u-gmr\ Time-course analysis showed that the inhibition did 
not merely delay cell death, but rather persisted for at least 24 hours 
(Fig. 3b). We also tested the effect of DcR3-Fc on activation- 
induced cell death (AICD) of mature T lymphocytes, a FasL- 
dependent process*. Consistent with previous results 13 , activation 
of interleukin-2-stimulated CD4-positive T cells with anti-CD3 
antibody increased the level of apoptosis twofold, and Fas-Fc 
blocked this effect substantially (Fig. 3c); DcR3-Fc blocked the 



induction of apoptosis to a similar extent. Thus, DcR3 binding 
blocks apoptosis induction by FasL. 

FasL-induced apoptosis is important in elimination of virus- 
infected cells and cancer cells by natural killer cells and cytotoxic T 
lymphocytes; an alternative mechanism involves perforin and 
granzymes M4 ~ 1( \ Peripheral blood natural killer cells triggered 
marked cell death in Jurkat T leukaemia cells (Fig. 3d); DcR3-Fc 
and Fas-Fc each reduced killing of target cells from —65% to 
—30%, with half-maximal inhibition at —1 figml" 1 ; the residual 
killing was probably mediated by the perforin/granzyme pathway. 
Thus, DcR3 binding blocks FasL-dependent natural killer cell 
activity. Higher DcR3-Fc and Fas-Fc concentrations were required 
to block natural killer cell activity compared with those required to 
block soluble FasL activity, which is consistent with the greater 
potency of membrane-associated FasL compared with soluble 
FasL 17 . * 

Given the role of immune-cytotoxic cells in elimination of 
tumour cells and the fact that DcR3 can act as an inhibitor of 
FasL, we proposed that DcR3 expression might contribute to the 
ability of some tumours to escape immune-cytotoxic attack. As 
genomic amplification frequently contributes to tumorigenesis, we 
investigated whether the DcR3 gene is amplified in cancer. We 
analysed DcR3 gene-copy number by quantitative polymerase chain 
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Figure 1 Primary structure and expression of human DcR3. a. Alignment of the 
amino-acid sequences of DcR3 and of osteoprotegerin (OPG); the C-terminal 101 
residues of OPG are not shown. The putative signal cleavage site (arrow), the 
cysteine-rich domains (CRD 1 -4), and the AMinked giycosylation site (asterisk) are 
shown, b, Expression of DcR3 mRNA. Northern hybridization analysis was done 
using the DcR3 cDNA as a probe and blots of poly(A)* RNA (Clontech) from 
human fetal and adult tissues or cancer cell lines. PBU peripheral blood 
lymphocyte: 



Figure 2 Interaction of DcR3 with FasL a, 293 cells were transfected with pRK5 
vector (top) or with pRK5 encoding full-length FasL (bottom), incubated with 
DcR3-Fc (solid line, shaded area). TNFR1-Fc (dotted line) or buffer control 
(dashed line) (the dashed and dotted lines overlap), and analysed for binding by. 
FACS. Statistical analysis showed a significant difference {P < 0.001 ) between the 
binding of DcR3-Fc to cells transfected with FasL orpRK5. PE. phycoerythr in- 
labelled cells, b, 293 cells were transfected as in a and metabolically labelled, and 
cell supernatants were immunoprecipitated with Fc-tagged TNFR1, DcR3 or Fas. 
c. Purified soluble FasL (sFasL) was immunoprecipitated with TNFRI-Fc. 0cR3- 
Fc or Fas-Fc and visualized by immunoblot with anti-FasL antibody. sFasL was 
loaded directly for comparison in the right-hand lane, d. Flag-tagged sFasL was 
incubated with DcR3-Fc or with buffer and resolved by gel filtration; column 
fractions were analysed in an assay that detects complexes containing DcR3-Fc 
and sFasL-Flag; e, Equilibrium binding of DcR3-Fc or Fas-Fc to sFasL-Flag. 
Inset, competition of DcR3-Fc with Fas-Fc for binding to sFasL-Flag. 
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reaction (PCR) 18 in genomic DNA from 35 primary lung and colon 
tumours, relative to pooled genomic DNA from peripheral blood 
leukocytes (PBLs) of 10 healthy donors. Eight of 18 lung tumours 
and 9 of 17 colon tumours showed DcR3 gene amplification, 
ranging from 2- to 18- fold (Fig. 4a, b). To confirm this result, we 
analysed the colon tumour DNAs with three more, independent sets 
of DcR3 -based PCR primers and probes; we observed nearly the 
same amplification (data not shown). 

We then analysed DcR3 mRNA expression in primary tumour 
tissue sections by in situ hybridization. We detected DcR3 expres- 
sion in 6 out of 15 lung tumours, 2 out of 2 colon tumours, 2 out of 5 
breast tumours, and 1 out of 1 gastric tumour (data not shown). A 
section through a squamous-cell carcinoma of the lung is shown in 
Fig. 4c. DcR3 mRNA was localized to infiltrating malignant epithe- 
lium, but was essentially absent from adjacent stroma, indicating 
tumour-specific expression. Although the individual tumour speci- 
mens that we analysed for mRNA expression and gene amplification 
were different, the in situ hybridization results are consistent with 
the finding that the DcR3 gene is amplified frequently in tumours. 
SW480 colon carcinoma cells, which showed abundant DcR3 
mRNA expression (Fig. lb), also had marked DcR3 gene amplifica- 
tion, as shown by quantitative PCR (fourfold) and by Southern blot 
hybridization (fivefold) (data not shown). 

If DcR3 amplification in cancer is functionally relevant, then 
DcR3 should be amplified more than neighbouring genomic 
regions that are not important for tumour survival. To test this, 



we mapped the human DcR3 gene by radiation-hybrid analysis; 
DcR3 showed linkage to marker AFM2 18xe7 (T160), which maps to 
chromosome position 20ql3. Next, we isolated from a bacterial 
artificial chromosome (BAC) library a human genomic clone that 
carries DcR3, and sequenced the ends of the clones insert. We then 
determined, from the nine colon tumours that showed twofold or 
greater amplification of DcR3, the copy number of the DcR3- 
flanking sequences (reverse and forward) from the BAC, and of 
seven genomic markers that span chromosome 20 (Fig. 4d). The 
DcR3 -linked reverse marker showed an average amplification of 
roughly threefold, slightly less than the approximately fourfold 
amplification of DcR3; the other markers showed little or no 
amplification. These data indicate that DcR3 may be at the 'epi- 
centre* of a distal chromosome 20 region that is amplified in colon 
cancer, consistent with the possibility that DcR3 amplification 
promotes tumour survival. 

Our results show that DcR3 binds specifically to FasL and inhibits 
FasL activity. We did not detect DcR3 binding to several other TNF- 
ligand-family members; however, this does not rule out the possi- 
bility that DcR3 interacts with other ligands, as do some other 
TNFR family members, including OPG U9 . 

FasL is important in regulating the immune response; however, 
little is known about how FasL function is controlled. One mechan- 
ism involves the molecule cFLIP, which modulates apoptosis signal- 
ling downstream of Fas 20 . A second mechanism involves proteolytic 
shedding of FasL from the cell surface 17 . DcR3 competes with Fas for 
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Figure 3 Inhibition of FasL activity by DcR3. a, Human Jurkat T leukaemia cells 
were incubated with, Rag-tagged soluble FasL (sFasL;.5ngmr') oligomerized 
with anti-Flag antibody (0.1 u.gmr')"in the presence of the proposed inhibitors 
DcR3-Fc. Fas-Fc or human IgGl arid assayed for apoptosis (mean ± s.e.m. of 
triplicates), b. Jurkat cells were incubated with sFasL-Fiag plus anti-Flag antibody 
as in a, in presence of 1 u.g ml"' DcR3-Fc (filled circles). Fas-Fc (open circles) or 
human IgGl (triangles), and apoptosis was determined at the indicated time 
points, c. Peripheral blood T cells were stimulated with PHA and interieukin-2, 
followed by control (white bars) or anti-CD3 antibody (rilled bars), together with 
phosphate-buffered saline (P8S), human IgGl, Fas-Fc, or DcR3-Fc (10u.g ml" 1 ). 
After 16 h, apoptosis of CD4* cells was determined (mean t s.e.m. of results from 
five donors), d. Peripheral blood natural killer cells were incubated with 51 Cr- 
labelled Jurkat cells in the presence of DcR3-Fc (rilled circles), Fas-Fc (open 
circles) or human IgGl (triangles), and target-cell death was determined by 
release of 5, Cr (mean ± s.d. for two donors, each in triplicate)/ 
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Figure 4 Genomic amplification of DcR3 in tumours, a, Lung cancers, comprising 
eight adenocarcinomas (c, d. f t g, h, j, k. r), seven squamous-cell carcinomas (a, e, 
m, n, o, p, q), one non-small-cell carcinoma (b). one small-cell carcinoma (i), and 
one bronchial adenocarcinoma (I). The data are means ± s.d. of 2 experiments 
done in duplicate, b, Colon tumours, comprising 17 adenocarcinomas. Data are 
means ± s.e.m. of five experiments done in duplicate, c, In situ hybridization 
analysis of OcR3 mRNA expression in a squamous-cell carcinoma of the lung. A 
representative bright-held image (left) and the corresponding dark-field image 
(right) show DcR3 mRNA over infiltrating malignant epithelium (arrowheads). 
Adjacent non-malignant stroma (S), blood vessel (V) and necrotic tumour tissue 
(N) are also shown, d, Average amplification of DcR3 compared with amplifica- 
tion of neighbouring genomic regions (reverse and forward. Rev and Fwd), the 
DcR3-linked marker T160, and other chromosome-20 markers, in the nine colon 
tumours showing DcR3 amplification of twofold or more (b). Data are from two 
experiments done in duplicate. Asterisk indicates P < 0.01 for a Student's f-test 
comparing each marker with DcR3. 
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FasL binding; hence, it may represent a third mechanism of 
extracellular regulation of FasL activity. A decoy receptor that 
modulates the function of the cytokine interleukin- 1 has been 
described 2 '. In addition, two decoy receptors that belong to the 
TNFR family, DcRl and DcR2, regulate the FasL-related apoptosis- 
inducing molecule Apo2L 22 . Unlike DcRl and DcR2, which are 
membrane-associated proteins, DcR3 is directly secreted into the 
extracellular space. One other secreted TNFR-family member is 
OPG 3 , which shares greater sequence homology with DcR3 (31%) 
than do DcRl (17%) or DcR2 (19%); OPG functions as a third 
decoy for Apo2L 19 . Thus, DcR3 and OPG define a new subset of 
TNFR-family members that function as secreted decoys to mod- 
ulate ligands that induce apoptosis. Pox viruses produce soluble 
TNFR homologues that neutralize specific TNF- family ligands, 
thereby modulating the antiviral immune response 2 . Our results 
indicate that a similar mechanism, namely, production of a soluble 
decoy receptor for FasL, may contribute to immune evasion by 
certain tumours. Q 

Methods 

Isolation of DcR3 cDNA. Several overlapping ESTs in Gen Bank (accession 
numbers AA025672, AA025673 and W67560) and in Lifeseq™ (Incyte 
Pharmaceuticals; accession numbers 1339238, 1533571, 1533650, 1542861, 
1789372 and 2207027) showed similarity to members of the TNFR family. We 
screened human cDNA libraries by PCR with primers based on the region of 
EST consensus; fetal lung was positive for a product of the expected size. By 
hybridization to a PCR- generated probe based on the ESTs, one positive clone 
(DNA30942) was identified. When searching for potential alternatively spliced 
forms of DcR3 that might encode a transmembrane protein, we isolated 50 
more clones; the coding regions of these clones were identical in size to that of 
the initial clone (data not shown). 

Fc-fusion proteins (immunoadhesins). The entire DcR3 sequence, or the 
ectodomain of Fas or TNFR1, was fused to the hinge and Fc region of human 
IgGl, expressed in insect SF9 cells or in human 293 cells, and purified as 
described". „ 

Fluorescence-activated cell sorting (FACS) analysis. We transfected 293 
cells using calcium phosphate or Effectene (Qiagen) with pRK5 vector or pRK5 
encoding full-length human FasV (2 jig), together with pRK5 encoding CrmA 
(2p,g) to prevent cell death. After 16 h, the cells were incubated with 
biotinylated DcR3-Fc or TNFRl-Fc and then with phycoerythrin-conjugated 
streptavidiri (GibcoBRL), and were assayed by FACS. The data were analysed by 
Kolmogo rov-S mi rnov statistical analysis. There was some detectable staining 
of vector-transfected cells by DcR3-Fc; as these cells express little FasL (data 
not shown), it is possible that DcR3 recognized some other factor that is 
expressed constitutiyely on 293 cells. 

Immunoprecipltation. Human 293 cells were transfected as above, and 
metabolicaily labelled with [ 3S S|cysteine and [ 3S S] methionine (0.5 mCi; 
Amersham). After 16 h of culture in the presence of z-VAD-fmk (10u.M), 
the medium was immunoprecipitated with DcR3-Fc, Fas-Fc or TNFRl-Fc 
(5u,g), followed by protein A-Sepharose (Repligen). The precipitates were 
resolved by SDS-PAGE and visualized on a phosphorimager (Fuji BAS2000). 
Alternatively, purified, Flag-tagged soluble FasL (1 u,g) (Alexis) was incubated 
with each Fc-fiision protein (1 u,g), precipitated with protein A-Sepharose, 
resolved by SDS-PAGE and visualized by immunoblotting with rabbit anti- 
FasL antibody (Oncogene Research). 

Analysis of complex formation. Flag-tagged soluble FasL (25u.g) was 
incubated with buffer or with DcR3-Fc (40 u.g) for 1.5 h at 24 °C. The reaction 
was loaded onto a Superdex 200 HR 10/30 column (Pharmacia) and developed 
with PBS; 0.6-ml fractions were collected. The presence of DcR3-Fc-FasL 
complex in each fraction was analysed by placing 100 u,l aliquots into microtitre 
wells precoated with anti-human IgG (Boehringer) to capture DcR3-Fc, 
followed by detection with biotinylated and -Flag antibody Bio M2 (Kodak) and 
streptavidin-rhorseradish peroxidase (Amersham). Calibration of the column 
indicated an apparent relative molecular mass of the complex of 420K (data not 
shown), which is consistent with a stoichiometry of two DcR3-Fc homodirhers 
to two soluble FasL homotrimers. 

Equilibrium binding analysts. Microtitre wells were coated with anti-human 



IgG, blocked with 2% BSA in PBS. DcR3-Fc or Fas-Fc was added, followed by 
serially diluted Flag-tagged soluble FasL. Bound ligand was detected with anti- 
Flag antibody as above. In the competition assay, Fas-Fc was immobilized as 
above, and the wells were blocked with excess IgGl before addition of Flag- 
tagged soluble FasL plus DcR3-Fc. 

T-cell AICD. CD3 + lymphocytes were isolated from peripheral blood of 
individual donors using anti-CD3 magnetic beads (Miltenyi Biotech), 
stimulated with phytohaemagglutinin (PHA; 2 u,g ml" 1 ) for 24 h, and cultured 
in the presence of interleukin -2 ( 100 U ml"' ) for 5 days. The cells were plated in 
wells coated with anti-CD3 antibody (Pharmingen) and analysed for apoptosis 
16 h later. by FACS analysis of annexin-V-binding of CD4 + cells 14 . 
Natural killer cell activity. Natural killer cells were isolated from peripheral 
blood of individual donors using anti-CD56 magnetic beads (Miltenyi 
Biotech), and incubated for 16 h with 51 Cr-loaded Jurkat cells at an effector- 
to-target ratio of 1:1 in the presence of DcR3-Fc, Fas-Fc or human IgGl. 
Target-cell death was determined by release of 51 Cr in effector- target co- 
cultures relative to release of sl Cr by detergent lysis of equal numbers of Jurkat 
cells. 

Gene-amplification analysis. Surgical specimens were provided by J. Kern 
(lung tumours) and P. Quirke (colon tumours). Genomic DNAwas extracted 
(Qiagen) and the concentration was determined using Hoechst dye 33258 
intercalation fluorometry. Amplification was determined by quantitative PCR" 
using a TaqMan instrument (ABI). The method was validated by comparison of 
PCR and Southern hybridization data for the Myc and HER-2 oncogenes (data 
not shown). Gene-specific primers and fluorogenic probes were designed on 
the basis of the sequence of DcR3 or of nearby regions identified on a BAC 
carrying the human DcR3 gene; alternatively, primers and probes were based 
on Stanford Human Genome Center marker AFM218xe7 (T160), which is 
linked to DcR3 (likelihood score = 5.4), SHGC-36268 (TI59), the nearest 
available marker which maps to -500 kilobases from T160, and five extra 
markers that span chromosome 20. The DcR3 -specific primer sequences were 
5'-CTTCTTCGCGCACGCTG-3' and 5'-ATCACGCCGGCACCAG-3' and the 
fluorogenic probe sequence was 5 ' - ( FAM - ACACGATGCGTGCTCCAAGCAG 
AAp-(TAMARA), where FAM is 5 '-fluorescein phosphoramidite. Relative 
gene-copy numbers were derived using the formula 2 ucr \ where ACT is the 
difference in amplification cycles required to detect DcR3 in peripheral blood 
lymphocyte DNA compared to test DNA. 
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ABC transporters (also known as traffic ATPases) form a large 
family of proteins responsible for the translocation of a variety 
of compounds across membranes of both prokaryotes and 
eukaryotes 1 . The recently completed Escherichia colt genome 
sequence revealed that the largest family of paralogous E coli 
proteins is composed of ABC transporters 2 . Many eukaryotic 
proteins of medical significance belong to this family, such as 
the cystic fibrosis transmembrane conductance regulator (CFTR), 
the P-glycoprotein (or multidrug-resistance protein) and the 
heterodimeric transporter associated with antigen processing 
(Tapl-Tap2). Here we report the crystal structure at 1.5 A resolu- 
tion of HisP, the ATP-binding subunit of the histidine permease, 
which is an ABC transporter horn Salmonella typhimurium. We 
correlate the details of this structure with the biochemical, genetic 
and biophysical properties of the wild-type and several mutant 
HisP proteins. The structure provides a basis for understanding 
properties of ABC transporters and of defective CFTR proteins. 

ABC transporters contain four structural domains: two nucleo- 
tide -binding domains (NBDs), which are highly conserved 
throughout the family, and two transmembrane domains'. In 
prokaryotes these domains are often separate subunits which are 
assembled into a membrane -bound complex; in eukaryotes the 
domains are generally fused into a single polypeptide chain. The 
periplasmic histidine permease of S. typhimurium and £ coli 1 ^ is a 
well -characterized ABC transporter that is a good model for this 
superfamily. It consists of a membrane-bound complex, HisQMP 2 , 
which comprises integral membrane subunits, HisQ and HisM, and 
two copies of HisP, the ATP-binding subunit. HisP, which has 
properties intermediate between those of integral and peripheral 
membrane proteins 9 , is accessible from both sides of the membrane, 
presumably by its interaction with HisQ and HisM 6 . The two HisP 
subunits form a dimer, as shown by their cooperativity in ATP 
hydrolysis 5 , the requirement for both subunits to be present for 
activity 5 , and the formation of a HisP dimer upon chemical cross- 
linking. Soluble HisP also forms a dimer 3 . HisP has been purified 
and characterized in an active soluble form 3 which can be recon- 
stituted into a fully active membrane-bound complex 8 . 

The overall shape of the crystal structure of the HisP monomer is 
that of an T with two thick arms (arm I and arm II); the ATP- 
binding pocket is near the end of arm I (Fig. 1). A six-stranded p- 
sheet (p3 and p8-p 12) spans both arms of the L, with a domain of a 
a- plus P-type structure (pi, p2, p4-f}7, al and a2) on one side 
(within arm I) and a domain of mostly a-helices (a3^a9) on the 
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Figure 1 - Crystal structure of HisP. a, View of the dimer along an axis 
perpendicular to its two-fold axis. The top and bottom of the dimer are suggested 
to face towards the periplasmic and cytoplasmic sides, respectively (see text). 
Trie thickness of arm II is about 25 A. comparable to that of membrane. a-Hefices 
are shown in orange and (3-sheets in green, b, View along the two-fold axis of the 
HisP dimer, showing the relative displacement of the monomers not apparent in 
a. The p-strands at the dimer interface are labelled, c. View of one monomer from 
the bottom of arm I, as shown in a; towards arm II, showing the ATP-binding 
pocket, a-c, The protein and the bound ATP are in 'ribbon' and 'balt-and-stick* 
representations, respectively. Key residues discussed in the text are indicated in 
c. These figures were prepared with MOLSCRIPT 29 . N, amino terminus: C, C 
terminus. 
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Gene amplification is a common event in the progression of 
human cancers, and amplified oncogenes have been shown to 
have diagnostic, prognostic and therapeutic relevance. A 
kinetic quantitative polymerase-chain-reaction (PCR) method, 
based on fluorescent TaqMan methodology and a new instru- 
ment (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real-time, was used to quantify 
gene amplification in tumor DNA. Reactions are character- 
ized by the point during cycling when PCR amplification is still 
in the exponential phase, rather than the amount of PCR 
product accumulated after a fixed number of cycles. None of 
the reaction components is limited during the exponential 
phase, meaning that values are highly reproducible in reac- 
tions starting with the same copy number. This greatly 
improves the precision of DNA quantification. Moreover, 
real-time PCR does not require post-PCR sample handling, 
thereby preventing potential PCR-product carry-over con- 
tamination; it possesses a wide dynamic range of quantifica- 
tion and results in much faster and higher sample throughput. 
The real-time PCR method, was used to develop and validate 
a simple and rapid assay for the detection and quantification 
of the 3 most frequently amplified genes (myc, ccndl and 
erbB2) in breast tumors. Extra copies of myc, ccndl and erbB2 
were observed in 10, 23 and 15%, respectively, of 108 breast- 
tumor DNA; the largest observed numbers of gene copies 
were 4.6, 18.6 and 15.1, respectively. These results correlated 
well with those of Southern blotting. The use of this new 
semi-automated technique will make molecular analysis of 
human cancers simpler and more reliable, and should find 
broad applications in clinical and research settings. Int. J. 
Cancer 78:661-666, 1998. 
© 1998 miey-Liss, Inc. 

Gene amplification plays an important role in the pathogenesis 
of various solid tumors, including breast cancer, probably because 
over-expression of the amplified target genes confers a selective 
advantage. The first technique used to detect genomic amplification 
was cytogenetic analysis. Amplification of several chromosome 
regions, visualized either as extrachromosomal double minutes 
(dm ins) or as integrated homogeneously staining regions (HSRs), 
are among the main visible cytogenetic abnormalities in breast 
tumors. Other techniques such as comparative genomic hybridiza- 
tion (CGH) (Kallioniemi et a!., 1994) have also been used in broad 
searches for regions of increased DNA copy numbers in tumor 
cells, and have revealed some 20 amplified chromosome regions in 
breast tumors. Positional cloning efforts are underway to identify 
the critical gene(s) in each amplified region. To date, genes known 
to be amplified frequently in breast cancers include myc (8q24), 
ccnd\ ( 1 1 q 1 3), and erbB2 ( 1 7q 1 2-q2 1 ) (for review, see Bieche and 
Lidereau, 1995). 

Amplification of the myc, ccndl, and erbBl proto-oncogenes 
should have clinical relevance in breast cancer, since independent 
studies have shown that these alterations can be used to identify 
sub-populations with a worse prognosis (Berns et ai. 1992; 
Schuuring et ai, 1992; Slamon et ai, 1987). Muss et ai (1994) 
suggested that these gene alterations may also be useful for the 
prediction and assessment of the efficacy of adjuvant chemotherapy 
and hormone therapy. 

However, published results diverge both in terms of the fre- 
quency of these alterations and their clinical value. For instance, 
over 500 studies in 10 years have failed to resolve the controversy 



surrounding the link suggested by Slamon et ai (1987) between 
erbBl amplification and disease progression. These discrepancies 
are partly due to the clinical, histological and ethnic heterogeneity 
of breast cancer, but technical considerations are also probably 
involved. 

Specific genes (DNA) were initially quantified in tumor cells by 
means of blotting procedures such as Southern and slot blotting. 
These batch techniques require large amounts of DNA (5-10 
ug/reaction) to yield reliable quantitative results. Furthermore, 
meticulous care is required at all stages of the procedures to 
generate blots of sufficient quality for reliable dosage analysis. 
Recently, PCR has proven to be a powerful tool for quantitative 
DNA analysis, especially with minimal starting quantities of tumor 
samples (small, early-stage tumors and formalin-fixed, paraffin- 
embedded tissues). 

Quantitative PCR can be performed by evaluating the amount of 
product either after a given number of cycles (end-point quantita- 
tive PCR) or after a varying number of cycles during the 
exponential phase (kinetic quantitative PCR), In the first case, an 
internal standard distinct from the target molecule is required to 
ascertain PCR efficiency. The method is relatively easy but implies 
generating, quantifying and storing an internal standard for each 
gene studied. Nevertheless, it is the most frequently applied 
method to date. 

One of the major advantages of the kinetic method is its rapidity 
in quantifying a new gene, since no internal standard is required (an 
external standard cup/^is sufficient). Moreover, the kinetic method 
has a wide dynamic range (at least 5 orders of magnitude), giving 
an accurate value for samples differing in their copy number. 
Unfortunately, the method is cumbersome and has therefore been 
rarely used. It involves aliquot sampling of each assay mix at 
regular intervals and quantifying, for each aliquot, the amplifica- 
tion product. Interest in the kinetic method has been stimulated by a 
. novel approach using fluorescent TaqMan methodology and a new 
instrument (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real time (Gibson et ai, 1996; Heid et 
al., 1996). The TaqMan reaction is based on the 5' nuclease assay 
first described by Holland et al (1991). The latter uses the 5' 
nuclease activity of Taq polymerase to cleave a specific fluorogenic 
oligonucleotide probe during the extension phase of PGR. The 
approach uses dual-labeled fluorogenic hybridization probes (Lee 
et al, 1993). One fluorescent dye, co-valently linked to the 5' end 
of the oligonucleotide, serves as a reporter [FAM (i.e., 6-carboxy- 
fluorescein)] and its emission spectrum is quenched by a second 
fluorescent dye, TAMRA (i.e., 6-carboxy-tetramethyl-rhodamine) 
attached to the 3' end. During the extension phase of the PCR 
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cycle, the fluorescent hybridization probe is hydrolyzed by the 
5'-3' nucleolytic activity of DNA polymerase. Nuclease degrada- 
tion of the probe releases the quenching of FAM fluorescence 
emission, resulting in an increase in peak fluorescence emission. 
The fluorescence signal is normalized by dividing the emission 
intensity of the reporter dye (FAM) by the emission intensity of a 
reference dye {i.e., ROX, 6-carboxy-X-rhodamine) included in 
TaqMan buffer, to obtain a ratio defined as the Rn (normalized 
reporter) for a given reaction tube. The use of a sequence detector 
enables the fluorescence spectra of all 96 wells of the thermal 
cycler to be measured continuously during PCR amplification. 

The real-time PCR method offers several advantages over other 
current quantitative PCR methods (Celi et ai, 1994): (i) the 
probe-based homogeneous assay provides a real-time method for 
detecting only specific amplification products, since specific hybri- 
dation of both the primers arid the probe is necessary to generate a 
signal; (ii) the C, (threshold cycle) value used for quantification is 
measured when PCR amplification is still in the log phase of PCR 
product accumulation. This is the main reason why C, is a more 
reliable measure of the starting copy number than are end-point 
measurements, in which a slight difference in a limiting component 
can have a drastic effect on the amount of product; (Hi) use of C t 
values gives a wider dynamic range (at least 5 orders of magni- 
tude), reducing the need for serial dilution; (iv) The real-time PCR 
method is run in a closed-tube system and requires no post-PCR 
sample handling, thus avoiding potential contamination; (v) the 
system is highly automated, since the instrument continuously 
measures fluorescence in all 96 wells of the thermal cycler during 
PCR amplification and the corresponding software processes, and 
analyzes the fluorescence data; (vi) the assay is rapid, as results are 
available just one minute after thermal cycling is complete; (vii) the 
sample throughput of the method is high, since 96 reactions can be 
analyzed in 2 hr. 

Here, we applied this semi-automated procedure to determine 
the copy numbers of the 3 most frequently amplified genes in breast 
tumors (myc, ccndl and erb&l), as well as 2 genes (alb and app) 
located in a chromosome region in which no genetic changes have 
been observed in breast tumors. The results for 108 breast tumors 
were compared with previous Southern-blot data for the same 
samples. 



MATERIAL AND METHODS 
Tumor and blood samples 

Samples were obtained from 1 08 primary breast tumors removed 
surgically from patients at the Centre Rene Huguenin; none of the 
patients had undergone radiotherapy or chemotherapy. Immedi- 
ately after surgery, the tumor samples were placed in liquid 
nitrogen until extraction of high-molecular-weight DNA. Patients 
were included in this study if the tumor sample used for DNA 
preparation contained more than 60% of tumor cells (histological 
analysis). A blood sample was also taken from 18 of the same 
patients, 

DNA was extracted from tumor tissue and blood leukocytes 
according to standard methods. 

Real-time PCR 

Theoretical basis. Reactions are characterized by the point 
during cycling when amplification of the PCR product is first 
detected, rather than by the amount of PCR product accumulated 
after a fixed number of cycles. The higher the starting copy number 
of the genomic DNA target, the earlier a significant increase in 
fluorescence is observed. The parameter C x (threshold cycle) is 
defined as the fractional cycle number at which the fluorescence 
generated by cleavage of the probe passes a fixed threshold above 
baseline. The target gene copy number in unknown samples is 
quantified by measuring Q and by using a standard curve to 
determine the starting copy number. The precise amount of 
genomic DNA (based on optical density) and its quality (i.e., lack 



of extensive degradation) are both difficult to assess. We therefore 
also quantified a control gene (alb) mapping to chromosome region 
4qll-ql3, in which no genetic alterations have been found in 
breast-tumor DNA by means of CGH (Kallioniemi et ai, 1 994). 

Thus, the ratio of the copy number of the target gene to the copy 
number of the alb gene normalizes the amount and quality of 
genomic DNA. The ratio defining the level of amplification is 
termed "N*\ and is determined as follows: 

copy number of target gene (app, myc, ccndl, erbB2) 

N = •■ . 

copy number of reference gene (alb) 

Primers, probes, reference human genomic DNA and PCR 
consumables. Primers and probes were chosen with the assistance 
of the computer programs Oligo 4.0 (National Biosciences, Ply- 
mouth, MN), EuGene (Daniben Systems, Cincinnati, OH) and Primer 
Express (Perkin-Elmer Applied Biosystems, Foster City, CA). 

Primers were purchased from DN Agency (Malvern, PA) and 
probes from Perkin-Elmer Applied Biosystems. 

Nucleotide sequences for the oligonucleotide hybridization 
probes and primers are available on request. 

The TaqMan PCR Core reagent kit, Micro Amp optical tubes, 
and MicrbAmp caps were from Perkin-Elmer Applied Biosystems. 

Standard-curve construction. The kinetic method requires a 
standard curve. The latter was constructed with serial dilutions of 
specific PCR products, according to Piatak et ai (1993). In 
practice, each specific PCR product was obtained by amplifying 20 
rig of a standard human genomic DNA (Boehringer, Mannheim, 
Germany) with the same primer pairs as those used later for 
real-time quantitative PCR. The 5 PCR products were purified 
using MicroSpin S-400 HR columns (Pharmacia, Uppsala, Swe- 
den) electrophorezed through an acryl amide gel and stained with 
ethidium bromide to check their quality. The PCR products were 
then quantified spectrophotometrically and pooled, and serially 
diluted 10-fold in mouse genomic DNA (Clontech, Palo Alto, CA) 
at a constant concentration of 2 ng/ul The standard curve used for 
real-time quantitative PCR was based on serial dilutions of the pool 
of PCR products ranging from 10" 7 (10 5 copies of each gene) to 
10' 10 (10 2 copies). This series of diluted PCR products was 
aliquoted and stored at -80°C until use. 

The standard curve was validated by analyzing 2 known 
quantities of calibrator human genomic DNA (20 ng and 50 ng). 

PCR amplification. Amplification mixes (50 ul) contained the 
sample DNA (around 20 ng, around 6600 copies of disomic genes), 
10X TaqMan buffer (5 ul), 200 uM dATP, dCTP, dGTP, and 400 
uM dUTP, 5 itiM MgCI 2 , 1.25 units of AmpliTaq Gold, 0.5 units of 
AmpErase uracil N-glycosylase (UNG), 200 nM each primer and 
100 nM probe. The thermal cycling conditions comprised 2 min at 
50°C and 10 min at 95°C. Thermal cycling consisted of 40 cycles at 
95 °C for 15 s and 65 °C for 1 min. Each assay included: a standard 
curve (from 10 5 to 10 2 copies) in duplicate, a no-template control, 
20 ng and 50 ng of calibrator human genomic DNA (Boehringer) in 
triplicate, and about 20 ng of unknown genomic DNA in triplicate 
(26 samples can thus be analyzed on a 96- well microplate). All 
samples with a coefficient of variation (CV) higher than 10% were 
retested. 

All reactions were performed in the ABI Prism 7700 Sequence 
Detection System (Perkin-Elmer Applied Biosystems), which 
detects the signal from the fluorogenic probe during PCR. 

Equipment for real-time detection. The 7700 system has a 
built-in thermal cycler and a laser directed via fiber optical cables 
to each of the 96 sample wells. A charge-coupled-device (CDD) 
camera collects the emission from each sample and the data are 
analyzed automatically. The software accompanying the 7700 
system calculates Q and determines the starting copy number in the 
samples. 
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Determination of gene amplification. Gene amplification was 
calculated as described above. Only samples with an N value 
higher than 2 were considered to be amplified. 

RESULTS 

To validate the method, real-time PCR was performed on 
genomic DNA extracted from 108 primary breast tumors, and 18 
normal leukocyte DNA samples from some of the same patients. 
The target genes were the myc, ccndl and erbBl proto-oncogenes, 
and the p-amyloid precursor protein gene {app\ which maps to a 
chromosome region (21q21.2) in which no genetic alterations have 
been found in breast tumors (Kallioniemi et aL, 1994). The 
reference disomic gene was the albumin gene (alb, chromosome 
4qll-ql3). 



Validation of the standard curve and dynamic range 
of real-time PCR 

The standard curve was constructed from PCR products serially 
diluted in genomic mouse DNA at a constant concentration of 
2 ng/ul. It should be noted that the 5 primer pairs chosen to analyze 
the 5 target genes do not amplify genomic mouse DNA (data not 
shown). Figure 1 shows the real-time PCR standard curve for the 
alb gene. The dynamic range was wide (at least 4 orders of 
magnitude), with samples containing as few as 10 2 copies or as 
many as 10 s copies. 

Copy-number ratio of the 2 reference genes fapp and alty 

The app to alb copy-number ratio was determined in 1 8 normal 
leukocyte DNA samples and all 108 primary breast-tumor DNA 
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Figure 1 - Albumin (alb) gene dosage by real-time PCR. Top: Amplification plots for reactions with starting alb gene copy number ranging 
from 10 5 (A9), W (A7), 10 3 (A4) to 10 2 (A2) and a no-template control (Al). Cycle number is plotted vs. change in normalized reporter signal 
(ARn). For each reaction tube, the fluorescence signal of the reporter dye (FAM) is divided by the fluorescence signal of the passive reference dye 
(ROX), to obtain a ratio defined as the normalized reporter signal (Rn). ARn represents the normalized reporter signal (Rn) minus the baseline 
signal established in the first 15 PCR cycles. ARn increases during PCR as alb PCR product copy number increases until the reaction reaches a 
plateau. C, (threshold cycle) represents the fractional cycle number at which a significant increase in Rn above a baseline signal (horizontal black 
line) can first be detected. Two replicate plots were performed for each standard sample, but the data for only one are shown here. Bottom: 
Standard curve plotting log starting copy number vs. C t (threshold cycle). The black dots represent the data for standard samples plotted in 
duplicate and the red dots the data for unknown genomic DNA samples plotted in triplicate. The standard curve shows 4 orders of linear dynamic 
range. 
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samples. We selected these 2 genes because they are located in 2 
chromosome regions (app, 2lq21.2; alb, 4qll-ql3) in which no 
obvious genetic changes (including gains or losses) have been 
observed in breast cancers (Kailioniemi et ai, 1994). The ratio for 
the 18 normal leukocyte DNA samples fell between 0.7 and 13 
(mean 1.02 ± 0.21), and was similar for the 108 primary' breast- 
tumor DNA samples (0.6 to 1.6, mean 1.06 ± 0.25), confirming 
that alb and app are appropriate reference disomic genes for 
breast-tumor DNA. The low range of the ratios also confirmed that 
the nucleotide sequences chosen for the primers and probes were 
not polymorphic, as mismatches of their primers or probes with the 
subject's DNA would have resulted in differential amplification. 

myc, ccndl and txbB2 gene dose in normal leukocyte DNA 

To determine the cut-off point for gene amplification in breast- 
cancer tissue, 1 8 normal leukocyte DNA samples were tested for 
the gene dose (N), calculated as described in "Material and 
Methods". The N value of these samples ranged from 0.5 to 1.3 
(mean 0.84 ± 0.22) for myc, 0.7 to 1.6 (mean 1.06 ± 0.23) for 
ccndl and 0.6 to 1 .3 (mean 0.9 1 ± 0. 1 9) for erbB2. Since N'values 
for myc, ccndl and erbB2 in normal leukocyte DNA consistently 
fell between 0.5 and 1 .6, values of 2 or more were considered to 
represent gene amplification in tumor DNA. 

myc, ccndl and erbB2 gene dose in breast-tumor DNA 

myc, ccndl and erbB2 gene copy numbers in the 108 primary 
breast tumors are reported in Table I. Extra copies of ccndl were 
more frequent (23%, 25/108) than extra copies of erbB2 (15%, 
16/108) and myc (10%, 11/108), and ranged from 2 to 18.6 for 
ccndl t 2 to 15.1 for er6B2, and only 2 to 4.6 for the myc gene. 
Figure 2 and Table II represent tumors in which the ccndl gene was 
amplified 16-fold (T145), 6-fold (T133) and non-amplified (Til 8). 
The 3 genes were never found to be co-amplified in the same tumor. 
erbB2 and ccndl were co-amplified in only 3 cases, myc and ccndl 
in 2 cases and myc and erbB2 in 1 case. This favors the hypothesis 
that gene amplifications are independent events in breast cancer. 
Interestingly, 5 tumors showed a decrease of at least 5.0% in the 
erbB2 copy number (N < 0.5), suggesting that they bore deletions 
of the 1 7q21 region (the site of erbB2). No such decrease in copy 
number was observed with the other 2 proto-oncogenes. 

.Comparison of gene dose determined by real-time quantitative 
PCR and Southern-blot analysis 

Southern-blot analysis of myc, ccndl and erbBl amplifications 
had previously been done on the same 1 08 primary breast tumors. A 
perfect correlation between the results of real-time PCR and 
Southern blot was obtained for tumors with high copy numbers 
(N > 5). However; there were cases (I myc, 6 ccndl and 4 erbB2) 
in which real-time PCR showed gene amplification whereas 
Southern-blot did not, but these were mainly cases with low extra 
copy numbers (N from 2 to 2.9). 

DISCUSSION 

The clinical applications of gene amplification assays are 
currently limited, but would certainly increase if a simple, standard- 
ized and rapid method were perfected. Gene amplification status 
has been studied mainly by means of Southern blotting, but this 
method is not sensitive enough to detect low-level gene amplifica- 
tion nor accurate enough to quantify the full range of amplification 
values. Southern blotting is also time-consuming, uses radioactive 



TABLE I - DISTRIBUTION OF AMPLIFICATION LEVEL (N) FOR myc. 
ccndl AND cr6B2 GENES IN 108 HUMAN BREAST TUMORS 



Gene 




Amplification level (N) 




<0.5 


0.5-1.9 2-4.9 




myc 
ccndl 
erbB2 r 


0 
0 

5 (4.6%) 


97(89.8%) 11 (10.2%) 
83 (76.9%) 17(15.7%) 
87 (80.6%) 8 (7.4%) 


0 

8(7.4%) 
8 (7.4%) 



reagents and requires relatively large amounts of high-quality 
genomic DNA, which means it cannot be used routinely in many 
laboratories. An amplification step is therefore required to deter- 
mine the copy number of a given target gene from minimal 
quantities of tumor DNA (small early-stage tumors, cytopuncture 
specimens or formal in-fixed, paraffin-embedded tissues). 

In this study, we validated a PCR method developed for the 
quantification of gene over-representation in rumors. The method, 
based on real-time analysis of PCR amplification, has several 
advantages over other PCR-based quantitative assays such as 
competitive quantitative PCR (Celi et ai, 1 994). First, the real-time 
PCR method is performed in a closed-tube system, avoiding the 
risk of contamination by amplified products. Re-amplification of 
carryover PCR products in subsequent experiments can also be 
prevented by using the enzyme uracil N-glycosylase (UNG) 
(Longo et ai. 1990). The second advantage is the simplicity and 
rapidity of sample analysis, since no post-PCR manipulations are 
required. Our results show that the automated method is reliable. 
We found it possible to determine, in triplicate, the number of 
copies of a target gene in more than 100 tumors per day. Third, the 
system has a linear dynamic range of at least 4 orders of magnitude, 
meaning that samples do not have to contain equal starting amounts 
of DNA. This technique should therefore be suitable for analyzing 
formalin-fixed, paraffin-embedded tissues. Fourth, and above all, 
real -time PCR makes DNA quantification much more precise and 
reproducible, since it is based on C, values rather than end-point 
measurement of the amount of accumulated PCR product. Indeed, 
the AB I Prism 7700 Sequence Detection System enables Q to be 
calculated when PCR amplification is still in the exponential phase 
and when none of the reaction components is rate-limiting. The 
within-run CV of the C, value for calibrator human DNA (5 
replicates) was always below 5%, and the between-assay precision 
in 5 different runs was always below 10% (data not shown). In 
addition, the use of a standard curve is not absolutely necessary, 
since the copy number can be determined simply by comparing the 
Q ratio of the target gene with that of reference genes. The results 
obtained by the 2 methods (with and without a standard curve) are 
similar in our experiments (data not shown). Moreover, unlike 
competitive quantitative PCR, real-time PCR does not require an 
internal control (the design and storage of internal controls and the 
validation of their amplification efficiency is laborious). 

The only potential disavantage of real-time PCR, like all other 
PCR-bascd methods and solid-matrix blotting techniques (South- 
em blots and dot blots) is that is cannot avoid dilution artifacts 
inherent in the extraction of DNA from tumor cells contained in 
heterogeneous tissue specimens. Only FISH and immunohistochem- 
istry can measure alterations on a cell-by-cell basis (Pauletti et ai, 
1996; Slamon et ai, 1989). However; FISH requires expensive 
equipment and trained personnel and is also time-consuming. 
Moreover, FISH does not assess gene expression and therefore 
cannot detect cases in which the gene product is over-expressed in 
the absence of gene amplification, which will be possible in the 
future by real-time quantitative RT-PCR. Immunohistochemistry is 
subject to considerable variations in the hands of different teams, 
owing to alterations of target proteins during the procedure, the 
different primary antibodies and fixation methods used and the 
criteria used to define positive staining. 

The results of this study are in agreement with those reported in 
the literature. (/) Chromosome regions 4qll-ql3 and 21q21.2 
(which bear alb and app, respectively) showed no genetic alter- 
ations in the breast-cancer samples studied here, in keeping with 
the results of CGH (Kailioniemi et ai. 1994). (//) We found that 
amplifications of these 3 oncogenes were independent events, as 
reported by other teams (Bems et ai, 1 992; Borg et ai, 1992). (Hi) 
The frequency and degree of myc amplification in our breast tumor 
DNA series were lower than those of ccndl and erbB2 amplifica- 
tion, confirming the findings of Borg et ai (1 992) and Courjal.e/ ai 
(1997). (/V) The maxima of ccndl and erbB2 over-representation 
were 1 8-fold and 1 5- fold, also in keeping with earlier results (about 
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Tumor Copy number c t Copy number 



T118 



27.3 



4605 



26.5 



4365 



T133 



23.2 



61659 



25.2 



10092 



T145 



22.1 



125892 



25.6 



7762 



l!Fi , a ; c ^ L and a,b eene dosage by real-time PCR in 3 breast tumor samples: T1I8 (EI2, C6, black squares), Tl 33 (Gl 1. B4, red squares) 
and 1 145 (A8, C8, blue squares). Given the C, of each sample, the initial copy number is inferred from the standard curve obtained during the same 
experiment Triplicate plots were performed for each tumor sample, but the data for only one are shown here. The results are shown in Table II 



30-fold maximum) (Berns et ai, 1992; Borg et al, 1992; Courjal el 
al, 1997). (v) The erbB2 copy numbers obtained with real-time 
PCR were in good agreement with data obtained with other 
quantitative PCR-based assays in terms of the frequency and 
degree of amplification (An et al., 1995; Deng el al., 1996;Valeron 



et at., 1996). Our results also correlate well with those recently 
published by Gelmini et al. (1997), who used the TaqMan system to 
measure erbBl amplification in a small series of breast tumors 
(n = 25), but with an instrument (LS-50B luminescence spectrom- 
eter, Perkin-Elmer Applied Biosystems) which only allows end- 
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TABLE II - EXAMPLES OF ccndl GENE DOSAGE RESULTS 
. FROM 3 BREAST TUMORS' 



Tumor 




ccndl 






alb 




Nccndl/alb 


Copy 
number 


Mean 


SD 


Copy 
number 


Mean 


SD 


T118 


4525 






4223 










4605 


4603 


77 


4365 


4325 


89 


1.06 




4678 
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1 For each sample, 3 replicate experiments were performed and the mean 
and the standard deviation (SD) was determined The level of ccndl gene 
amplification (Nccndl/alb) is determined by dividing the average ccndl 
copy number value by the average alb copy number value. 



point measurement of fluorescence intensity. Here we report myc 
and ccndl gene dosage in breast cancer by means of quantitative 
PCR. (vi) We found a high degree of concordance between 
real-time quantitative PCR and Southern blot analysis in terms of 
gene amplification, especially for samples with high copy numbers 
(>5-foldj. The slightly higher frequency of gene amplification 
(especially ccndl and erbB2) observed by means of real-time 
quantitative PCR as compared with Southern-blot analysis may be 
explained by the higher sensitivity of the former method. However, 
we cannot rule out the possibility that some tumors with a few extra 



gene copies observed in real-time PCR had additional copies of an 
arm or a whole chromosome (trisomy, tetrasomy or polysomy) 
rather than true gene amplification. These 2 types of genetic 
alteration (polysomy and gene amplification) could be easily 
distinguished in the future by using an additional probe located on 
the same chromosome arm, but some distance from the target gene. 
It is noteworthy that high gene copy numbers have the greatest 
prognostic significance in breast carcinoma (Borg et al. t 1992- 
Slamone/flA, 1987). 

Finally, this technique can be applied to the detection of gene 
deletion as well as gene amplification^ Indeed, we found a 
decreased copy number of erbB2 (but not of the other 2 proto- 
oncogenes) in several tumors; erbB2 is located in a chromosome 
region ( 1 7q2 1 ) reported to contain both deletions and amplifica- 
tions in breast cancer (Bieche and Lidereau, 1 995). 

In conclusion, gene amplification in various cancers can be used 
as a marker of pre-neoplasia, also for early diagnosis of cancer, 
staging, prognostication and choice of treatment. Southern blotting 
is not sufficiently sensitive, and FISH is lengthy and complex. 
Real-time quantitative PCR overcomes both these limitations, and 
is a sensitive and accurate method of analyzing large numbers of 
samples in a short time. It should find a place in routine clinical 
gene dosage. 
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47. Pitti, R., Marsters, S., Lawrence, D., Roy, Kischkei, F., M., Dowd, P., Huang, A., 
Donahue, C, Sherwood, S., Baldwin, D., Godowski, P., Wood, W., Gurney, A., 
Hillan, K., Cohen, R., Goddard, A., Botstein, D., and Ashkenazi, A. Genomic 
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glioma xenografts by Apo2L/TRAJL. Biochem. Biophys. Res. Commun. 265, 479- 
483 (1999). 

54. Hymowitz, S.G., Christinger, H.W., Fuh, G., Ultsch, M., O'Connell, M., Kelley, 
R.F. , Ashkenazi, A. and de Vos, A.M. Triggering Cell Death: The Crystal 

. Structure of Apo2L/TRAIL in a Complex with Death Receptor 5. Molec. Cell 4, 
563-571 (1999). 

55. Hymowitz, S.G., O'Connel, M.P., Utsch, M.H., Hurst, A., Totpal, K., Ashkenazi, 
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640 (2000). 

56. Zhou, Q., Fukushima, P., DeGraff, W., Mitchell, J.B., Stetler-Stevenson, M., 
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57. Kischkel, F.C., Lawrence, D. A., Chuntharapai, A., Schow, P., Kim, J., and 
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V.M. Identification of a receptor for BlyS demonstrates a crucial role in humoral 
immunity. Nature Immunol. 1, 37-41 (2000). 



59. Marsters, S.A., Yan, M:, Pitti, R.M., Haas^ P.E., Dixit, V.M., and Ashkenazi, A. 
Interaction of the TNF homologues BLyS and APRIL with the TNF receptor 
homologies BCMA and TACL Curr. Biol. 10, 785-788 (2000). 

60. Kischkel, F.C., and AshkenazI A . Combining enhanced metabolic labeling with 
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Biotechniques 29, 506-512 (2000). 

61. Lawrence, D., Shahrokh, Z., Marsters, S., Achilles, K., Shih, D. Mounho, B., 
Hillan, K., Totpal, K. DeForge, L., Schow, P., Hooley, J., Sherwood, S., Pai, R., 
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62. , Chuntharapai, A., Dodge, K., Grimmer, K., Schroeder, K., Martsters, S.A., 

Koeppen, H., AshkenazI A ., and Kim, K.J. Isotype-dependent inhibition of 
tumor growth in vivo by monoclonal antibodies to death receptor 4. J. Immunol. 
. 166,4891-4898(2001). 
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(2001). 

64. Wang, H., Marsters, S.A., Baker, T., Chan, B., Lee, W.P., Fu, L., Tumas, D., Yan, 
M., Dixit, V.M., * AshkenazI A ., and *Grewal, IS. TACI-ligand interactions are 
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65. Kischkel, F.C., Lawrence, D. A., Tinel, A., Virmani, A., Schow, P., Gazdar, A., 
Blenis, I, Arnott, D., and AshkenazI A . Death receptor recruitment of 
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Review articles: 

1 . Ashkenazi, A., Peralta, E:, Wirislow, J., Ramachandran, J., and Capon, D., J. 
Functional role of muscarinic acetylcholine receptor subtype diversity. Cold 

, Spring Harbor Symposium on Quantitative Biology. LIU, .263-272 (1 988). 

2. Ashkenazi, A ., Peralta, E., Winslow, J., Ramachandran, J., and Capon, D. 
Functional diversity of muscarinic receptor subtypes in cellular signal 
transduction and growth. Trends Pharmacol Scu Dec Supplement, 12-21 (1989). 

3. Chamow, S., Duliege, A., Ammann, A., Kahn, J., Allen, D., Eichberg, J., Byrn, 
R., Capon, D., Ward, R., and Ashkenazi, A . CD4 imimunoadhesins in anti-EDV 

" ■ therapy: new developments. Int. J. Cancer Supplement 7, 69-72 (1992). 

4. Ashkenazi, A ., Capon, and D. Ward, R. Immunoadhesins. Int. Rev. Immunol. 10, 
217-225 (1993). 

5. Ashkenazi, A ., and Peralta, E. Muscarinic Receptors. In Handbook of Receptors 
and Channels. (S. Peroutka, ed.), CRC Press, Boca Raton, Vol. I, p. 1-27, (1994). 

6. Krantz, S. B., Means, R. T., Jr., Lina, J., Marsters, S, A., and Ashkenazi, A . 
Inhibition of erythroid colony formation in vitro by gamma interferon. In 
Molecular Biology of Hematopoiesis (N. Abraham, IL Shadduck, A. Levine F. 
Takaku, eds.) Intercept Ltd. Paris, Vol. 3, p. 135-147 (1994). 

I. Ashkenazi, A . Cytokine neutralization as a potential therapeutic approach for 
SIRS and shock. J. Biotechnology in Healthcare 1, 197-206 (1994). 

8. Ashkenazi, A .; and Chamow, S. M. Immimoadhesins; an alternative to human 
monoclonal antibodies. Immunomethods: A companion to Methods in 

* * 

EnzimologyS, 104-115(1995). 

9. ' Chamow. S.. and Ashkenazi. A . Immunoadhesins: Principles and Applications. 

Trends Biotech. 14, 52-60 (1996). 
10; Ashkenazi. A ., and Chamow, S. M. Immunoadhesins as research tools and 
therapeutic agents. Curr. Opin. Immunol. 9, 195-200 (1997). 

II. Ashkenazi. A ., and Dixit, V. Death receptors: signaling and modulation. Science 
281, 1305-1308 (1998). " 

12. Ashkenazi. A ., and Dixit, V. Apoptpsis control by death and decoy receptors. 
Curr. Opin. Cell Biol. 11, 255-260 (1999). 
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13. Ashkenazi. A . Chapters on Apo2L/TRAIL; DR4, DR5, DcRl, DcR2; and DcR3. 

Online Cytokine Handbook (www.apnet.com/cvtokinereference/) . 
14; Ashkenazi, A. Targeting death and decoy receptors of the tumor necrosis factor 
. superfamily. Nature Rev. Cancer 2, 420-430 (2002). 

1 5 . LeBlanc, H. and Ashkenazi. A . Apoptosis signaling by Apo2L/TRAIL. Cell Death 
and Differentiation 10, 66-75 (2003). 

16. Ahnasan, A. and Ashkenazi. A . Apo2L/TRAIL: apoptosis signaling, biology, and 
potential for cancer therapy. Cytokine arid Growth Factor Reviews 14, 337-348 
(2003). ' 

Book: 

Antibody Fusion Proteins (Chamow, S., and Ashkenazi. A ., eds., John Wiley and 
Sons Inc.) (1999). ' " 

■ * ' • f ' • ' 

Talks: 

1. Resistance of primary HTV isolates to CD4 is independent of CD4-gpl20 binding 

affinity. UCSD Symposium, HIV Disease: Pathogenesis and Therapy. 
Greenelefe, FL, March 1991. 

2. Use of immuno-hybrids to extend the half-life of receptors. IBC conference on 
Biopharmaceutical Halflife Extension. New Orleans, LA, June 1992. 

3 . Results with TNF receptor Immunoadhesins for the Treatment of Sepsis. BBC 
conference on Endotoxemia and Sepsis. Philadelphia, PA, June 1992. 

4. Immunoadhesins: an alternative to human antibodies. BBC conference on 
Antibody Engineering. San Diego, C A, December 1993. 

5. Tumor necrosis factor receptor: a potential therapeutic for human septic shock. 
American Society for Microbiology Meeting, Atlanta, GA, May 1993. 

6. Protective efficiacy of TNF receptor immunoadhesin vs anti-TNF monoclonal 
antibody in a rat model for endotoxic shock. 5th International Congress on ^TNF. 
Asilomar, CA, May 1994. 

7. Merferonry signals via a multisubunit receptor complex that contains two types of 
polypeptide chain. American Association of hnmunologists Conference. San 
Franciso, CA, July 1995. 

8. Immunoadhesins: Principles and Applications. Gordon Research Conference on 
Drug Delivery in Biology and Medicine. Ventura, CA, February 1996. 
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9. Apo-2 Ligand, a new member of the TNF family that induces apoptosis in tumor 
cells. Cambridge Symposium on TNF and Related Cytokines in Treatment of 
Cancer. Hilton-Head, NC, March 1996. 

10. Induction of apoptosis by Apo2 Ligand. American Society for Biochemistry and 
Molecular Biology, Symposium on Growth Factors and Cytokine Receptors. New 
Orleans, LA, June, 1996. 

11* Apo2 ligand, an extracellular trigger of apoptosis. 2nd Clontech Symposium, 
Palo Alto, CA, October 1996. 

1 2. Regulation of apoptosis by members of the TNF ligand and receptor families. 
Stanford University School of Medicine, Palo Alto, C A, December 1996. 

13. Apo-3: anovel receptor that regulates cell death and inflammation. 4th 
International Congress on Immune Consequences of Trauma, Shock, and Sepsis. 
Munich, Germany, March 1997. 

14. New members of the TNF ligand and receptor families that regulate apoptosis, 
inflammation, and immunity. UCLA School of Medicine, LA, CA, March 1997. 

15. Immunoadhesins: ah alternative to monoclonal antibodies. 5th World Conference 
on Bispecific Antibodies. Volendam, Holland, June 1997. 

16. Control of Apo2L signaling. Cold Spring Harbor Laboratory Symposium on 
Programmed Cell Death. Cold Spring Harbor, New York. September, 1 997 . 

1 7. Chairman and speaker, Apoptosis Signaling session. IBC's 4th Annual 
Conference on Apoptosis. San Diego, CA., October 1997. 

18. Control of Apo2L signaling by death and decoy receptors. American Association 
for the Advancement of Science. Philadelphia, PA, February 1998. 

19. Apo2 ligand and its receptors. American Society of Immunologists. San 
Francisco, CA, April 1998. 

20. Death receptors and ligands. 7th International TNF Congress. Cape Cod, MA, 
May 1998. 

21. Apo2L as a potential therapeutic for cancer. UCLA School of Medicine. LA, 
. \CA, June 1998. 

22. Apo2L as a potential therapeutic for cancer. Gordon Research Conference on 
Cancer Chemotherapy. New London, NH, July 1998, 

23; Control of apoptosis by Apo2L. Endocrine Society Conference, Stevenson, WA, 
August 1998. 

24. Control of apoptosis by Apo2L. International Cytokine Society Conference, 
Jerusalem, Israel, October 1998. 
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25. Apoptosis control by death and decoy receptors. American Association for 
Cancer Research Conference, Whistler, BC, Canada, March 1 999. 

26. Apoptosis control by death and decoy receptors. American Society for 
Biochemistry and Molecular Biology Conference, San Francisco, CA, May 1999. 

27. Apoptosis control by death and decoy receptors. Gordon Research Conference on 
Apoptosis, New London, NH, June 1999. 

28. Apoptosis control by death and decoy receptors. Arthritis Foundation Research 
Conference, Alexandria GA, Aug 1999. 

29. Safety and anti-tumor activity of recombinant soluble Apo2L/TRAIL. Cold 
Spring Harbor Laboratory Symposium on Programmed Cell Death. . Cold Spring 
Harbor, NY, September 1999. 

30. The Apo2L/TRAIL system: therapeutic potential. American Association for 
Cancer Research, Lake Tahoe, NV, Feb 2000. 

31; Apoptosis and cancer therapy. Stanford University School of Medicine, Stanford, 
CA, Mar 2000. 

32. Apoptosis and cancer therapy. University of Pennsylvania School of Medicine, 
Philadelphia, PA, Apr 2000. 

V M 

33. Apoptosis signaling by Apo2L/TRAIL. International Congress on TNF. 
Trondheim, Norway, May 2000. 

34. The Apo2L/TRAIL system: therapeutic potential. Cap-CURE summit meeting. 
Santa Monica, CA* June 2000. 

35. The Apo2UTRAIL system: therapeutic potential. MD Anderson Cancer Center. 
Houston, TX, June 2000. 

36. Apoptosis signaling by Apo2L/TRAIL. The Protein Society, 14 th Symposium. 
San Diego, CA, August 2000. 

37. Anti-tumor activity of Apo2I/TRAIL. AAPS annual meeting. Indianapolis, IN 
Aug 2000. 

38. Apoptosis signaling and anti-cancer potential of Apo2L/TRAIL. Cancer Research 
Institute, UC San Francisco, CA, September 2000. 

39. Apoptosis signaling by Apo2L/TRAIL. Kenote address, TNF family 
Mimsymposium* NIH. Bethesda, MD, September 2000. 

40. Death receptors: signaling and modulation. Keystone symposium on the 
Molecular basis of cancer. Taos, NM, Jan 2001 . 

41. Preclinical studies of Apo2L/TRAIL in cancer. Symposium on Targeted therapies 
in the treatment of lung cancer. Aspen, CO, Jan 2001. 
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42. Apoptosis signaling by Apo2L/TRAJL. Wiezmann Institute of Science, Rehovot, 
Israel, March 2001. 

43. Apo2L/TRAIL: Apoptosis signaling and potential for cancer therapy. Weizmann 
Institute of Science, Rehovot, Israel, March 2001. 

44. Targeting death receptors in cancer with Apo2L/TRAIL. Cell Death and Disease 
conference, North Falmouth, MA, Jun 2001. 

45. Targeting death receptors in cancer with Apo2L/TRAIL. Biotechnology 
Organization conference, San Diego, C A, Jun 2001. 

46. Apo2L/TRAIL signaling and apoptosis resistance mechanisms. Gordon Research 
Conference on Apoptosis, Oxford, UK, July 2001. 

47. Apo2L/TRAIL signaling and apoptosis resistance mechanisms. Cleveland Clinic 
Foundation, Cleveland, OH, Oct 2001. , 

48. Apoptosis signaling by death receptors: overview. International Society for 
Interferon and Cytokine Research conference, Cleveland, OH* Oct 2001. v 

49. * Apoptosis signaling by death receptors. American Society of Nephrology 

*. . » 

Conference. San Francisco, CA, Oct 200 L 

50. Targeting death receptors in cancer. Apoptosis: commercial opportunities. San 
Diego, CA, Apr 2002. 

51. . Apo2L/TRAIL signaling and apoptosis resistance mechanisms. Kimmel Cancer 

Research Center, Johns Hopkins University, Baltimore MD. May 2002. 

52. Apoptosis control by Apo2L/TRAIL. (Keynote Address) University of Alabama 
Cancer Center Retreat, Birmingham, Ab. October 2002. 

53. Apoptosis signaling by Apo2L/TRAIL. (Session co-chair) TNF international, 
conference. San Diego, CA. October 2002. 

54. Apoptosis signaling by Apb2I7TRAIL. Swiss Institute for Cancer Research 
(ISREC). Lausanne, Swizerland. Jan 2003. 

55; Apoptosis induction with Apo2I/TRAIL. Conference on New Targets and 
Innovative Strategies in Cancer Treatment Monte Carlo. February 2003. 

56. Apoptosis signaling by Apo2I/TRAIL. Hermelin Brain Tumor Center 
Symposium on Apoptosis. Detroit, MI. April 2003. 

57. Targeting apoptosis through death receptors. Sixth Annual Conference on 
Targeted Therapies in the Treatment of Breast Cancer. Kona, Hawaii. July 2003. 

58. Targeting apoptosis through death receptors. Second International Conference on 
Targeted Cancer Therapy. Washington, DC. Aug 2003. / 
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corresponding increased levels of the encoded protein. While there have been 
published reports of genes for which such a correlation does not exist, it is my 
opinion that such reports are exceptions to the commonly understood general rule 
that increased mRNA levels are predictive of corresponding increased levels of the 
encoded protein. 
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SECOND DECLARATION OF PAUL POLAKIS. Ph.D. 

I, Paul Polakis, Ph.D., declare and say as follows; 

I am currently employed by Genentech, Inc. where my job title is Staff 
Scientist. 

Since joining Genentech in 1999, one of my primary responsibilities has 
been leading Genentech's Tumor Antigen Project, which is a large research 
project with a primary focus on identifying tumor cell markers thar find use 
as targets for both the diagnosis and treatment of cancer in humans. 

As I stated in ray previous Declaration dated May 7, 2004 (attached as 
Exhibit A), my laboratory has been employing a variety of techniques, 
including microarray analysis, to identify genes which are differentially 
expressed in human tumor tissue relative to normal human tissue. The 
primary purpose of this research is to identify proteins that are abundantly 
expressed on certain human tumor tissue(s) and that are either (i) not 
expressed, or (ii) expressed at detectabiy lower levels, on normal tissue(s)! 
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In the course of our research using microarray analysis, we have identified 
approximately 200 gene transcripts that are present in human tumor tissue 
at significantly higher levels than in normal human tissue. To date, we 
have successfully generated antibodies that bind to 31 of the tumor antigen 
proteins expressed from these differentially expressed gene transcripts and 
have used these antibodies to quantitatively determine the level of 
production of these tumor antigen proteins in both human tumor tissue and 
normal tissue. We have then quantitatively compared the levels of mRNA 
and protein in both the tumor and normal tissues analyzed. The results of 
these analyses are attached herewith as Exhibit B. In Exhibit B, * V means 
that the mRNA or protein was detectabiy overexpressed in the tumor tissue 
relative to normal tissue and means that no detectable overexpression 
was observed in the tumor tissue relative to normal tissue. 

As shown in Exhibit B, of the 31 genes identified as being detectabiy 
overexpressed in human tumor tissue as compared to normal human tissue 
at the mRNA level , 28 of them (i.e., greater than 90%) are also detectabiy 
overexpressed in human tumor tissue as compared to normal human tissue 
at the protein level . As such, in the cases where we have been able to 
quantitatively measure both (i) mRNA and (ii) protein levels in both (i) 
tumor tissue and (ii) normal tissue, we have observed thai in the vast 
majority of cases, there is a very strong correlation between increases in 
mRNA expression and increases in the level of protein encoded by that 
mRNA. 



6. Based upon my own experience accumulated in more than 20 years of 
research, including the data discussed in paragraphs 4-5 above and my 
knowledge of the relevant scientific literature, it is my considered scientific 
opinion thai for human genes, an increased level of mRNA in a rumor 
tissue relative to a normal tissue more often than not correlates to a similar 
increase in abundance of the encoded protein in the tumor tissue relative ro 
rhe normal tissue. In face, it remains a generally accepted working 
assumption in molecular biology that increased mRNA levels are more 
often than not predictive of elevated levels of the encoded protein. In fact, 
an entire industry focusing on the research and development of therapeutic 
antibodies to treat a variety of human diseases, such as cancer, operates on 
this working assumption. 

7. I hereby declare that all statements made herein of my own knowledge are 
true and that all statements made on information or belief are believed to be 
irue, and further that these statements were made with the knowledge that 
willful false statement and the like so made are punishable by fine or 
imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code and that such willful statements may jeopardize the validity of the 
application or any patent issued thereon. 



Dared: 




Paul Polakis, PhD. 
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DECLARATION OF PAUL POLAKIS, Ph.D. 
I, Paul Polakis, Ph.D., declare and say as follows; 

1. I was awarded a Ph.D. by the Department of Biochemistry of the Michigan 
State University in 1984. My scientific Curriculum Vitae is attached to and forms 
part of this Declaration (Exhibit A). 

2. I am currently employed by Genentech, Inc., where my job title is Staff 
Scientist. Since joining Genentech in 1999, one of ray primary responsibilities has 
been leading Genentech's Tumor Antigen Project, which is a large research project 
with a primary focus on identifying tumor cell markers that find use as targets for 
both the diagnosis and treatment of cancer in humans. 

3. As part of the Tumor Antigen Project, my laboratory has been analyzing 
differential expression of various genes in tumor cells relative to normal cells. 
The purpose of this research is to identify proteins that are abundantly expressed 
on certain tumor cells and that are either (i) not expressed, or (ii) expressed at 
lower levels, on corresponding normal cells. We call such differentially expressed 
proteins "tumor antigen proteins". When such a tumor antigen protein is 
identified, one can produce an antibody that recognizes and binds to that protein. 
Such an antibody finds use in the diagnosis of human cancer and may ultimately 
serve as an effective therapeutic in the treatment of human cancer. 

4. In the course of die research conducted by Genentech's Tumor Antigen 
Project, we have employed a variety of scientific techniques for detecting and 
studying differential gene expression in human tumor cells relative to normal cells, 
at genomic DNA, mRNA and protein levels. An important example of one such 
technique is the well known and widely used technique of microarray analysis 
which has proven to be extremely useful for die identification of mRNA molecules 
that are differentially expressed in one tissue or cell type relative to another. In the 
course of our research using microarray analysis, we have identified 
approximately 200 gene transcripts that are present in human tumor cells at 
significantly higher levels than in corresponding normal human cells. To date, we 
have generated antibodies that bind to about 30 of the tumor antigen proteins 
expressed trom these differentially express^^n^anscripts^diiavenjsed-these — 
antibod ies to quantitatively determine the level of production of these tumor 
antigen proteins in both human cancer cells and corresponding normal cells. We 
have then compared the levels of mRNA and protein in both the tumor and normal 
cells analyzed. 

5. From the mRNA and protpin expression analyses described in paragraph 4 
above, we have observed that there is a strong correlation between changes in the 
level of mRNA present in any particular cell type and the level of protein 



expressed from that mRNA in tliat cell type. In approximately 80% of our 
observations we have found that increases in the level of a particular mRNA 
correlates with changes in the level of protein expressed from that mRNA when 
human tumor cells are compared with their corresponding normal cells. 

6. Based upon my own experience accumulated in more than 20 years of 
research, including thedata discussed in paragraphs 4 and 5 above and my 
knowledge of the relevant scientific literature, it is my considered scientific 
opinion that for human genes, an increased level of mRNA in a tumor cell relative 
to a normal cell typically correlates to a similar increase in abundance of the 
encoded protein in the tumor cell relative to the normal cell. In fact, it remains a 
central dogma in molecular biology that increased mRNA levels are predictive of 
corresponding increased levels of the encoded protein. While there have been 
published reports of genes for which such a correlation does not exist, it is my 
opinion that such reports are exceptions to the commonly understood general rule 
that increased mRNA levels are predictive of corresponding increased levels of the 
encoded protein. 

7. I hereby declare that all statements made herein of my own knowledge are 
true and that all statements made on information or belief are believed to be true, 
and further that these statements were made with the knowledge that willful false 
statements and the like so made are punishable by fine or imprisonment, or both, 
under Section 1001 of Title 18 of the United States Code and that such willful 
statements may jeopardize the validity of the application or any patent issued 
thereon. 
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ABSTRACT 



Genetic changes underlie tumor progression and may lead to cancer- 
specific expression of critical genes. Over 1100 publication! have de- 
scribed tbe use of comparative genomic hybridization (CGH) to analyze 
the pattern of copy number alterations In cancer, but very few of the genes 
affected are known. Here, we performed high-resolution CGH analysis on 
cDNA microarrays in breast cancer and directly compared copy number 
and mRNA expression levcb of 13,824 genes to quantitate the impact of 
genomic changes on gene expression. We identified and mapped the 
boundaries of 24 independent ampllcons, ranging In size from 0.2 to 12 
Mb. Throughout the genome, both high- and low-level copy number 
changes bad i substantial impact on gene expression, with 44% of the 
highly amplified genes showing overexpression and 10.5% of the highly 
overexpressed genes being amplified. Statistical analysis with random 
permutation tests identified 270 genes whose expression levels across 14 
samples were systematically attributable to gene amplification. These 
included most previously described amplified genes in breast cancer and 
many novel targets for genomic alterations, including the HOXB7 gene, 
the presence of which in a novel ampllcon at 17q2U was validated in 
10.2*/* of primary breast cancers and associated with poor patient prog- 
nosis. In conclusion, CGH on cDNA microarrays revealed hundreds of 
novel genes whose overexpression is attributable to gene amplification. 
These genes may provide Insights to the clonal evolution and progression 
of breast cancer and highlight promising therapeutic targets. 

INTRODUCTION 

Gene expression patterns revealed by cDNA microarrays have 
facilitated classification of cancers into biologically distinct catego- 
ries, some of which may explain the clinical behavior of the tumors 
(1-6). Despite this progress in diagnostic classification, the molecular 
mechanisms underlying gene expression patterns in cancer have re- 
mained elusive, and the utility of gene expression profiling in the 
identification of specific therapeutic targets remains limited. 

Accumulation of genetic defects is thought to underlie the clonal 
evolution of cancer. Identification of the genes that mediate the effects 
of genetic changes may be important by highlighting transcripts that 
are actively involved in tumor progression. Such transcripts and their 
encoded proteins would be ideal targets for anticancer therapies, as 
demonstrated by the clinical success of new therapies against ampli- 
fied oncogenes, such as ERBB2 and EGFR (7, 8), in breast cancer and 
other solid tumors. Besides amplifications of known oncogenes, over 
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Fig. 1 . Impact of gene copy number on global gene expression levels. A. percentage of 
over- and undercxprcsscd genes (Y axis) according to copy number ratios (X axis). 
Threshold values used for over- and undcrexpression were >2.)84 (global upper 7% of 
the cDNA ratios) and <0.4826 (global lower 7% of the expression ratios). B. percentage 
of amplified and deleted genes according to expression ratios. Threshold values for 
amplification and deletion were >1 JS and <0.7. 



20 recurrent regions of DNA amplification have been mapped in 
breast cancer by CGH 5 (9, 10). However, these amplicons are often 
large and poorly defined, and their impact on gene expression remains 
unknown. 

We hypothesized that genome-wide identification of those gene 
expression changes that are attributable to underlying gene copy 
number alterations would highlight transcripts that are actively in- 
volved in the causation or maintenance of the malignant phenotype. 
To identify such transcripts, we applied a combination of cDNA and 
CGH microarrays to: (a) determine the global impact that gene copy 
number variation plays in breast cancer development and progression; 
and {b) identify and characterize those genes whose mRNA expres- 



3 The abbreviations used are: CGH, comparative genomic hybridization; FISH* fluo- 
rescence in situ hybridization; RT-PCR, reverse transcription- PC R. 
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Fig. 2. Genome-wide copy number and expression analysis in the MCF-7 breast cancer cell line. A. chromosomal CCH analysis of MCF-7. The copy number ratio profile (blue 
line) across the entire genome from lp telomere to Xq telomere is shown along with Z. I SD (orange tines). The black horizontal tine indicates a ratio of 1 .0; red tine, a ratio of 0.8; 
and green line, a ratio of 1.2. B~C, genome-wide copy number analysis in MCF-7 by CGH on cDNA microarray. The copy number ratios were plotted as a function of the position 
of the cDNA clones along the human genome. In B, individual data points arc connected with a line, and a moving median of 10 adjacent clones is shown, Red horizontal line, the 
copy number ratio of 1 .0. In C, individual data points are labeled by color coding according to cDN A expression ratios. The bright red dots indicate the upper 2%, and dark red dots, 
the next 5*/» of the. expression ratios in MCF-7 cells (overexpressed genes); bright green dots indicate the low tat 2%, and dark green dots, the next 3% of the expression ratios 
(underexpiesaed genes); the rest of the observations ore shown with black crosses. The chromosome numbers are shown at the bottom of the figure, and chromosome boundaries are 
indicated with a dashed Urn, 



sion is most significantly associated with amplification of the corre- 
sponding genomic template. 

MATERIALS AND N^ETHODS 

Breast Cancer Cell Lines. Fourteen breast cancer cell lines (BT-20, BT- 
474, HCC1428, Hs578t, MCF7, MDA-361, MDA-436, MDA-453, MDA-468, 
SKBR-3, T-47D, UACC812, 2R-75-I, and ZR-75-30) were obtained from the 
American Type Culture Collection (Manassas, VA). Cells were grown under 
recommended culture conditions. Genomic DNA and mRNA were isolated 
using standard protocols. 

Copy Number and Expression Analyses by cDNA Microarrays. The 
preparation and printing of the 13,824 cDNA clones on glass slides were 
performed as described (1 1-13). Of these clones, 244 represented uncharac- 
terized expressed sequence tags* and the remainder corresponded to known 
genes. CGH experiments on cDNA microarrays were done as described (14, 
15). Briefly, 20 jig of genomic DNA from breast cancer cell lines and normal 
human WBCs were digested for 14-18 h with Alul and Aral (Life Technol- 
ogies, Inc., Rockville, MD) and purified by phenol/chloroform extraction. Six 
Hg of digested cell line DNAs were labeled with Cy3-dUTP (Amersham 
Pharmacia) and normal DNA with Cy5-dUTP (Amersham Pharmacia) using 
the Bioprime Labeling kit (Life Technologies, Inc.). Hybridization ( 14, 15) and 
posfhybridization washes (13) were done as described. For the expression 
analyses, a standard reference (Universal Human Reference RNA; St rata gene, 
La Jolla, CA) was used in all experiments. Forty ug of reference RNA were 
labeled with Cy3-dUTP and 3.5 of test mRNA with Cy5-dUTP, and the 
labeled cDNAs were hybridized on microarrays as described (1 3, 1 5). For both 
microarray analyses, a laser confocal scanner (Agilent Technologies, Palo 
Alto, CA) was used to measure the fluorescence intensities at the target 
locations using the DE ARRAY software (16). After background subtraction, 
average intensities at each clone in the test hybridization were divided by the 
average intensity of the corresponding clone in the control hybridization. For 
the copy number analysis, the ratios were normalized on the basis of the 
distribution of ratios of all targets on the array and for the expression analysis 
on the basis of 88 housekeeping genes, which were spotted four times onto the 
array. Low quality measurements {I.e.. copy number data with mean reference 
intensity < 100 fluorescent units, and expression data with both test and 
reference intensity <100 fluorescent units and/or with spot size <50 units) 



were excluded from the analysis and were treated as missing, values. The 
distributions of fluorescence ratios were used to define cutpoints for increased/ 
decreased copy number. Genes with CGH ratio > 1.43 (representing the upper 
5% of the CGH ratios across all experiments) were considered to be amplified, 
and genes with ratio <0.73 (representing the lower 5%) were considered to be 
deleted. 

Statistical Analysis of CGH and cDNA Microarray Data. To evaluate 
the influence of copy number alterations on gene expression, we applied the 
following statistical approach. CGH and cDNA calibrated intensity ratios were 
log-transformed and normalized using median centering of the values in each 
cell line: Furthermore, cDNA ratios for each gene across all 14 cell lines were 
median centered. For each gene, the CGH data were represented by a vector 
that was labeled 1 for amplification (ratio, > 1 -43) and 0 for no amplification. 
Amplification was correlated with gene expression using the signal-to-noise 
statistics (1). We calculated a weight, w r for each gene as follows: 

_ m»i - 

" + *V> 

where m #) , cr fl and ntg^ denote the means and SDs for the expression 
levels for amplified and nonamplified cell lines, respectively. To assess the 
statistical significance of each weight, we performed 10,000 random permu- 
tations of the label vector. The probability that a gene had a larger or equal 
weight by random permutation than the original weight was denoted by a. A 
low a (<0.05) indicates a strong association between gene expression and 
amplification. 

Genomic Localization of cDNA Clones and Ampllcon Mapping. Each 
cDNA clone on the microarray was assigned to a Unigene cluster using the 
Unigene Build 1 4 1. 6 A database of genomic sequence alignment information 
for mRNA sequences was created from the August 2001 freeze of the Uni- 
versity of California Santa Cruz's GoldenPath database. 7 The chromosome and 
bp positions for each cDNA clone were then retrieved by relating these data 
sets. Amplicons were defined as a CGH copy number ratio >2.0 in at least two 
adjacent clones in two or more cell lines or a CGH ratio >2.0 in at least three 
adjacent clones in a single cell line. The amp 1 icon start and end positions were 



6 Internet address: http^/n^arch.nhgri.nih,gov/raicroamy/downlo«dable_cdna.html. 

7 Internet address: www.gcnomc.ucsc.eda 
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Table 1 Summary of independent amplicons in 14 breast cancer cell lines by 

CGH microarray 

Location 
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CGH were validated, with lq21, 17qlZ— q2l.2, 17q22-q23, 20ql3.1, 
and 20ql3.2 regions being most comnnonly amplified. Furthermore, 
the boundaries of these amplicons weire precisely delineated. In ad- 
dition, novel amplicons were identified at 9pl3 (38.6S-39.2S Mb), 
and 17q21 .3 (52.47-55.80 Mb). 

Direct Identification of Putative Amplification Target Genes. 
The cDNA/CGH microarray technique enables the direct correla- 
tion of copy number and expression *data on a gene-by-gene basis 
throughout the genome. We directly annotated high-resolution 
CGH plots with gene expression data using color coding. Fig. 2C 
shows that most of the amplified genes in the MCF-7 breast cancer 
cell line at lp!3, 17q22-q23, and 20ql3 were highly overex- 
pressed. A view of chromosome 7 in the MDA-468 cell line 
implicates EGFR as the most highly overexpressed and amplified 
gene at 7pl l-pl2 (Fig. 3>4). In BT-4 74, the two known amplicons 
at 17ql2 and 17q22-q23 contained numerous highly overex- 
pressed genes (Fig. 35). In addition, several genes, including the 
homeobox genes HOXB2 and HOXB 7, were highly amplified in a 
previously undescribed independent amplicon at 17q21.3. HOXB7 
was systematically amplified (as validated by FISH, Fig. 3B t inset) 
as well as overexpressed (as verified by Rt-PCR, date not shown) 
in BT-474, UACC812, and ZR-75-30 cells. Furthermore, this novel 





extended to include neighboring oonamplified clones (ratio, < 1.5). The am- 
plicon size determination was partially dependent on local clone density. 

FISH. Dual-color interphase FISH to breast cancer cell lines was done as 
described (17). Bacterial artificial chromosome clone RP11-361K8 was la- 
beled with SpectrumOrange (Vysis, Downers Grove, IL), and Spectrum* 
Orange-labeled probe for EGFR was obtained from Vysis. SpcctrumGreen- 
labeled chromosome 7 and 17 centromere probes (Vysis) were used as a 
reference. A tissue microarray containing 612 formal in-fixed, paraffin-embed- 
ded primary breast cancers (17) was applied in FISH analyses as described 
(18). The use of these specimens was approved by the Ethics Committee of the 
University of Basel and by the N1H. Specimens containing a 2-fold or higher 
increase in the number of test probe signals, as compared with corresponding 
centromere signals, in at least 10% of the tumor cells were considered to be 
amplified. Survival analysis was performed using the Kaplan-Meier method 
and the log-rank test. 

RT-PCR. The HOXB7 expression level was determined relative to 
GAPDH. Reverse transcription and PCR amplification were performed using 
Access RT-PCR System (Promcga Corp., Madison, Wl) with 10 ng of mRNA 
as a template. HOXB7 primers were 5'-GAGCAGACK3GACTCGGACTT-3' 
and 5 ' -GCGTC AGGTAGCG ATTGT AG-3 ' . 

RESULTS 

Global Effect of Copy Number on Gene Expression. 13,824 
arrayed cDNA clones were applied for analysis of gene expression 
and gene copy number (CGH roicroarrays) in 14 breast cancer cell 
lines. The results illustrate a considerable influence of copy number 
on gene expression patterns. Up to 44% of the highly amplified 
transcripts (CGH ratio, >2.5) were overexpressed (i.e.. belonged to 
the global upper 7% of expression ratios), compared with only 6% for 
genes with normal copy number levels (Fig. I A). Conversely, 10.5% 
of the transcripts with high-level expression (cDNA ratio, >10) 
showed increased copy number (Fig. IB). Low-level copy number 
increases and decreases were also associated with similar, although 
less dramatic, outcomes on gene expression (Fig. 1). 

Identification of Distinct Breast Cancer Amplicons. Base-pair 
locations obtained for 1 1 ,994 cDNAs (86.8%) were used to plot copy 
number changes as a function of genomic position (Fig. 2, Supple- 
ment Fig. A). The average spacing of clones throughout the genome 
was 267 kb. This high-resolution mapping identified 24 independent 
breast cancer amplicons, spanning from 0.2 to 12 Mb of DNA (Table 
1), Several amplification sites detected previously by chromosomal 
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Fig. 3. Annotation of gene expression data on CGH microarray profile*. A, genes in the 
7pl I -pi 2 amp I icon in the MDA-468 cell line arc highly expressed {red dots) and include 
the EGFR oncogene. B. several genes in the I7ql2, I7q21.3, and 17q23 amplicons in the 
BT-474 breast cancer cell line tie highly overexpressed {red) and include the HOXB7 
genc. The data labels and color coding arc as indicated for Fig. 2C Insets show 
chromosomal CGH profiles for the corresponding chromosomes and validation of the 
increased copy number by interphase FISH using EGFR (red) and chromosome 7 
centromere probe {green) to MDA-468 (A) and HOXB7-%pecific probe {red) and chro- 
mosome 17 centromere (green) to BT-474 cells (B). 
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Fig. 4. List of 50 genes with a statistically 
significant correlation (a value <0.O5) between 
gene copy number and gene expression. Name, 
chromosomal location, and the o value for each 
gene are indicated. The genes hove been ordered 
according to their position in the genome. The color 
maps on the right illustrate the copy number and 
expression ratio patterns in the 14 cell lines. The 
key to the color code is shown at the bottom of Che 
graph. Gray squares, missing values. The complete 
list of 270 genes is shown in supplemental Fig. B. 




amplification was validated to be present in 10.2% of 363 primary 
breast cancers by FISH to a tissue microarray and was associated 
with poor prognosis of the patients (P = 0.001). 

Statistical Identification and Characterization of 270 Highly 
Expressed Genes in Amplicons. Statistical comparison of expres- 
sion levels of all genes as a function of gene amplification identified 
270 genes whose expression was significantly influenced by copy 
number across all 14 cell tines (Fig. 4, Supplemental Fig. B). Accord- 
ing to the gene ontology data, 8 91 of the 270 genes represented 
hypothetical proteins or genes with no functional annotation, whereas 
179 had associated functional information available. Of these, 151 
(84%) are implicated in apoptosis, cell proliferation, signal transduc- 
tion, and transcription, whereas 28 (16%) had functional annotations 
that could not be directly linked with cancer. 



DISCUSSION 

The importance of recurrent gene and chromosome copy number 
changes in the development and progression of solid tumors has been 
characterized in >1000 publications applying CGH 9 (9, 10), as well 
as in a large Dumber of other molecular cytogenetic, cytogenetic, and 
molecular genetic studies. The effects of these somatic genetic 
changes on gene expression levels have remained largely unknown, 
although a few studies have explored gene expression changes occur- 
ring in specific amplicons (15, 19-21). Here, we applied genome- 
wide cDNA microarrays to identify transcripts whose expression 
changes were attributable to underlying gene copy number alterations 
in breast cancer. 

The overall impact of copy number on gene expression patterns was 
substantial with the most dramatic effects seen in the case of high- 



* Internet address: hUp://w ww.gcneontology.org/. 



4 Internet address: http^/www.ncbi. nJm.nih.gov/entrcx. 
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evel copy number increase. Low-level copy number gains and losses 
so had a significant influence on expression levels of genes in the 
regions affected, but these effects were more subtle on a gene-by-gene 
basis than those of high-level amplifications. However, the impact of 
low-level gains on the dysregulation of gene expression patterns in 
cancer may be equally important if not more important than that of 
high-level amplifications. Aneuploidy and low-level gains and losses 
of chromosomal arms represent the most common types of genetic 
alterations in breast and other cancers and, therefore, have an influ- 
ence on many genes. Our results in breast cancer extend the recent 
studies on the impact of aneuploidy on global gene expression pat- 
terns in yeast cells, acute myeloid leukemia, and a prostate cancer 

model system (22-24). 

The CGH microarray analysis identified 24 independent breast 
cancer ampl icons. We defined the precise boundaries for many am- 
plicons detected previously by chromosomal CGH (9, 10, 25, 26) and 
also discovered novel amplicons that had not been detected previ- 
ously, presumably because of their small size (only 1-2 Mb) or close 
proximity to other larger amplicons. One of these novel amplicons 
involved the homeobox gene region at I7q21.3 and led to the over- 
expression of the HOXB7 and HOXB2 genes. The homeodomain 
transcription factors are known to be key regulators of embryonic 
development and have been occasionally reported to undergo aberrant 
expression in cancer (27, 28). HOXB7 transfection induced cell pro- 
liferation in melanoma, breast, and ovarian cancer cells and increased 
turaorigenicity and angiogenesis in breast cancer (29-32). The pres- 
ent results imply that gene amplification may be a prominent mech- 
anism for overexpressing HOXB7 in breast cancer and suggest that 
HOXB7 contributes to tumor progression and confers an aggressive 
disease phenotype in breast cancer. This view is supported by our 
finding of amplification of HOXB7 in 10% of 363 primary breast 
cancers, as well as an association of amplification with poor prognosis 
of the patients. 

We carried out a systematic search to identify genes whose 
expression levels across all 14 cell lines were attributable to 
amplification status. Statistical analysis revealed 270 such genes 
(representing ~-2% of all genes on the array), including not only 
previously described amplified genes, such as HER-2, MYC t 
EGFR, ribosomal protein s6 kinase, and AJB3, but also numerous 
novel genes such as NRAS-related gene (lpl3), syndecan-2 (8q22), 
and bone morphogenic protein (20ql3.1), whose activation by 
amplification may similarly promote breast cancer progression. 
Most of the 270 genes have not been implicated previously in 
breast cancer development and suggest novel pathogenetic mech- 
anisms. Although we would not expect all of them to be causally 
involved, it is intriguing that 84% of the genes with associated 
functional information were implicated in apoptosis, cell prolifer- 
ation, signal transduction, transcription, or other cellular processes 
that could directly imply a possible role in cancer progression. 
Therefore, a detailed characterization of these genes may provide 
biological insights to breast cancer progression and might lead to 
the development of novel therapeutic strategies. 

In summary, we demonstrate application of cDNA microarrays 
to the analysis of both copy number and expression levels of over 
12,000 transcripts throughout the breast cancer genome, roughly 
once every 267 kb. This analysis provided: {a) evidence of a 
prominent global influence of copy number changes on gene 
expression levels; (b) a high-resolution map of 24 independent 
amplicons in breast cancer; and (c) identification of a set of 270 
genes, the overexpression of which was statistically attributable to 
gene amplification. Characterization of a novel amplicon at 
17q2l.3 implicated amplification and overexpression of the 
HOXB7 gene in breast cancer, including a clinical association 



between HOXB7 amplification and poor patient prognosis. Overall, 
our results illustrate how the identification of genes activated by 
gene amplification provides a powerful approach to highlight 
genes with an important role in cancer as well as to prioritize and 
validate putative targets for therapy development. 
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Genomic DNA copy number alterations are key genetic •vents In 
the development end progression of human cai»cers- Here we 
report, * uenome-wide microarray corn£5«*ti-e genomic hybrid- 
ization (array CGH) analysis ol DHA copy number variation m 
a series of primary human breast tumors. We have profiled DNA 
copy number alteration across 6,691 mapped human genes. In 44 
predominantly advanced, primary breast tumors and ™ breast 
cancer cell lines. White the overall patterns of DNA amplication 
and deletion corroborate previous cytogenetic studies, the high- 
resolution (gene-by-gene) mapping of ampilcon boundaries and 
the quantitative analysis of ampilcon shape provide significant 
Improvement in the localization of candidate oncogenes. Parallel 
microarray measurements of mRNA levels reveal the remarkable 
degree to which variation in gene copy number contributes to 
variation in gene expression in tumor cells. Specifically, we find 
that 62% of highly amplified genes show moderately or highly 
elevated expression, that DNA copy number Influences gene ex- 
pression across a wide range of DNA copy number alterations 
(deletion, tow-, mid- and WgMevel amplification), that on average, 
a 2-foJd change in DNA copy number is associated with a corre- 
sponding 1 5-fold change in mRNA levels, and that overall, at least 
12% of all the variation in gene expression among the breast 
tumors is directly attributable to underlying variation in gene copy 
number. These findings provide evidence that widespread DNA 
copy number alteration can lead directly to global deregulation of 
gene expression, which may contribute to the development or 
progression of cancer. 

Conventional cytogenetic techniques* including comparative 
genomic hybridization (CGH) (1), have led to the identifi- 
cation of a number of recurrent regions of DNA copy number 
alteration in breast cancer cell lines and tumors (2-4). While 
some of these regions contain known or candidate oncogenes 
fcZFGFRl (8pU) t MYC (8q24), CCKD1 (llql3), ERBB2 
[l7qi2) f and ZNF217 (20ql3)] and rumor suppressor genes 
[RBi (I3ql4) and TP53 (I7pl3)], the relevant gene(s) within 
other regions (e^ gain of lq. 8q22. and 17q22-24, and loss of 
8p) remain to be identified. A high-resolution genome-wide 
map. delineating the boundaries of DNA copy number alter- 
ations in tumors, should facilitate the localization and identifi- 
cation of oncogenes and tumor suppressor genes in breast 
cancer. In this study, we have created such a map, using 
array-based CGH (5-7) to profile DNA copy number alteration 
in a series of breast cancer cell lines and primary tumors. 

An unresolved question is the extent to which the widespread 
DNA copy number changes that we and others have identified 
in breast tumors alter expression of genes within mvorved 
regions. Because we bad measured mRNA levels in parallel in 
the same samples (8), using the same DNA oucroarrays, we had 
an opportunity to explore on a genomic scale the relationship 
between DNA-copy number changes and gene expression. From 

www4»f«sx>ftt/cgi/dol/10.1073/po«s.l62471999 



this analysis, we have identified a significant impact of wide- 
spread DNA copy number alteration on the transcriptional 
progress of breast tumors. 

Materials and Methods 

Tumors end Cell Unas. Primary breast tumors were predomto 
large (>3 cm), intermediate-grade, infihrating ductal carcino- 
mas; with more than 50% being lymph riode posrtrve. T^e 
fraction of tumor cells within sr^ctmens *vera^^ least 50^b. 
Details of individual tumors have been pubhshed (8, 9), and 
are summarized in Table 1. which is pubhshed as supporting 
information on the PNAS web site, www.pnasxrg.Bi^ cancer 
cell lines were obtained from the American Type Culture 
Collection. Genomic DNA was isolated either using Qtagen 
genomic DNA cohimns, or by pnenol/chloroform extraction 
followed by ethanol precipitation. 

DNA Labeling and Microarray HyMdtoatlcns, Genomic DNA label- 
ing and hybridizations were performed esseimalry as described 
in Pollack ef aL (7). with slight modifications. ^ micrograms 
of DNA was labeled in a total volume of SOjrocrohters andthc 
volumes of all reagents were adjusted accortog^. _^e« UWA 
(from tumors and cell lines) was f luorescently labeled (Cy5) and 
hybridized to a human cDNA microarray containing 6£91 
different mapped human genes (i.e^ UniGene clusters). The 
"reference" (labeled with Cy3) for each hybridization was nor- 
mal female leukocyte DNA from a single donor. The i fabncation 
of cDNA microarrays and the labeling and hybridization of 
mRNA samples have been described (8). 

Data Analysis and Map Positions. Hybridized arrays scanned 
on a GenePix scanner (Axon Instniments, Foster City, CA), and 
fluorescence ratios (test/reference) calculated using scanalyze 
software (available at bttp://ranaJbigov). Fluorescence ratios 
were normalized for each array by setting the average log 
fluorescence ratio for all array elements equaJto 0. Measure- 
ments with fluorescence intensities more than 20% above badt- 
ground were considered reliable, DNA copy number profiles 
that deviated signiftcantfy from background ratios measured in 
normal genomic DNA control hybridizations were interpreted as 
evidence of real DNA copy number alteration (see Estimating 
Significance of Abend Fluorescence Ratios in the supporting 
information). When indicated; DNA copy number profiles are 
displayed as a moving average (symmetric 5-nearest neighbors). 
Map positions for arrayed human cDNAs were assigned by 
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identifying the starting position of the best and longest matdicrf 
any DNA sequence represented in the corresponding UniGene 
cluster (10) against the "GoldenPath" genome assttrAty 
(http://genome^csc.edu/; Oct 7, 2000 Freeze). For UmGene 
clusters represented by multiple arrayed elements, mean fluo- 
rescence ratios (for all elements representing the same UmGene 
duster) are reported. For uiRNA measurements, fluorescence 
ratios are "mean-centered" (L*. reported relauve to tte mean 
ratio across the 44 tumor samples). The data set described here 
can be accessed in its entirety in the supporting information. 

Results 

We performed CGH on 44 predominantly legally ad>ranced, 
primary breast tumors and 10 breast cancer cell ban, .using 
cDNA microarrays containing 6,691 different mapped human 
SeneV (Fig. 1«; also see Materials ami Methods for details .of 
microaWay hybridizations). To take full advantage of the mi- 
proved spatiTresolutkm of array CGH, we ordered (fluores- 
cence ratios for) the 6,691 cDNAs accordmg to the Golden 
Path" (http://genome.ucsc.edu/) genome a^mbly of the drait 
human geiomfsequences (11). In so doing, arrayed cDNAs not 
only themselves represent genes of potential interest (e.g.. 
candidate oncogenes within ampliwns). but ato prw.de prease 
genetic landmarks for chromosomal regions of amplification ana 



12964 I 



deletion. Parallel analysis of DNA from «U lines 
different numbmtfXenraiirjsooiea^FJg. 16), 
(7). demonstrated the sensitivity irf ourmethod todetertsmgle- 
copy loss (45, XO)» and 13- (^PW. 2-J«VpCXX% or 
XMold <49,XXXXX) gains (also see Fig. 5, wbfc* 
^pportroVmforWtkm on the PNAS web site). Fluorescence 
ratios were linear* proportional to copy number ratios. wtach 
were slightly underestimated, in agreement with F^toHSO* 
serrations (7). Numerous DMA copy number ahwtions were 
evident m both the breast cancer cell line, arrf primary tumors 
fFfe. 1«). detected in the tumors despite the presence ofeuploid 
Stumor ceU types; the magtdtodestt 
were generally tower in the tumor **^P^<?^™**, 
alterations were found in every cancer cell fane •^tumo^^^and 
on every human chromosome in at least one sample. 
regions of DNA copy number gain and toss were readfly iden- 
tifiable. For example, gains within Iq, 8* 
observed in a high proportion of breast cancer ceU toes/tumors 

U as were tosses within lp, 3d, 8p, and 13q 
80%/22%. 80%/22%, and 70%/18%, respectively), conw" 0 * 
S published cytogenetic studies (reft. 2-4; a .complete : listing 
ofgaS/lossesi^prc^ 

« supporting information on the PNAS web site). The total 
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number of genomic alterations (gains and losses) was found to 
be significantly higher in breast tumors that were high grade {f = 
0.008), consistent with published CGH data (3), estrogen recep- 
tor negative (/> - 0.04), and harboring TP53 mutauons (/> = 
0.0006) (sec Table 4; which is published as supporting informa- 
tion on the PNAS web site). „ 

The unproved spatial resolution of our array CGH analyse is 
illustrated for chromosome 8, which displayed extensive DNA 
copy number alteration in our series. A detailed view of the 
variation in the copy number of 241 genes mapping to chromo- 
some 8 revealed multiple regions of recurrent amplification; 
each of these potentially harbors a different known or previously 
uncharacterized oncogene (Fig. 2a). The complexity of amp icon 
structure is most easily appreciated^ the breast xancer oOllinc 
SKBR3. Although a conventional CGH analysis of 8q in SKBR3 
identified only two distinct regions of amplification (12), we 
observed three distinct regions of high-level amplification (la- 
beled 1-3 in Fig. 26). For each of these regions we can define the 
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boundaries of the interval recurrently amplifiedinthe tumors we 
examined; in each case, known or plausible candidate oncogenes 
can be identified (a description of these rqgons, asweU as the 
recurrently amplified regions on chromosomes 17 and 20, can oe 
found in Figs. 6 and 7, which are ptibHsbed as supporting 
information on the PNAS web site). 

For a subset of breast cancer cell lines and tumors (4 and 37, 
respectively); and a subset of arrayed a^cs^t^). mRNA 
le^were quantitatively measured in parallel by^cDNA 
microarrays (8). The parallel assessment of mRNA levels is 
useful in the interpretation of DNA copy number changes. For 
example, the highly amplified genes that are also highly ex- 
pressed arc the strongest candidate oncogenes wWunan amoU- 
con. Perhaps more significantly, our parallel ^ analysis^ DNA 
copy number changes and mRNA levels mwdes «^°PP°f- 
tunity to assess the global impact of widespread DNA copy 
number alteration on gene expression m tumor cells. 

A strong influence of DNA copy number on gene expression 
is evident in an examination of the pseudocolor representations 
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of DNA copy number and mRNA levels for genes on chromo- 
some 17 (Fig. 3). The overall patterns of gene amplification and 
elevated gene expression are quite concordant; Lc, a significant 
fraction of highly amplified genes appear to be correspondingly 
highly expressed The concordance between high-level amplifi- 
cation and increased gene expression is not restricted to chro- 
mosome 17. Genome-wide, of 117 high-level DNA amplifica- 
tions (fluorescence ratios >4, and representing 91 different 
genes), 62% (representing 54 different genes; see Table 5, which 
is published as supporting information on the FNAS web site) 
are found associated with at least moderately elevated mRNA 
levels (mean-centered fluorescence ratios >2), and 42% (rep- 
resenting 36 different genes) are found associated with compa- 
rably highly elevated mRNA levels (mean-centered fluorescence 
ratios >4). 

To determine the extent to which DNA deletion arid lower- 
level amplification (in addition to high-level amplification) are 
also associated with corresponding alterations in mRNA levels, 
we performed three separate analyses on the complete data set 
(4 cell lines and 37 tumors, across 6,095 genes). First, we 
determined the average mRNA levels for each of five classes 
of genes, representing DNA deletion, no change, and low-, 
medium-, and high-level amplification (Fig. 4a). For both the 
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breast cancer cell lines and tumors, average mRNA levels 
tracked with DNA copy number across all five classes, in a 
statistically significant fashion (P values for pair-wise Students 
t tests comparing adjacent classes; cell toes, 4 X ltr^, 1 x 10 , 
5 X V\ r^0-4tumors, 1 X lO"* 1 X KT™ 5 x 10-\ 
1 X 10" 4 ). A linear regression of the average log(DNA copy 
number), for each class, against average tag(mRNA level) 
demonstrated that on average, a 2-fold change in DNA copy 
number was accompanied by 1.4- and 13-fold changes in mRNA 
level for the breast cancer cell lines and tumors, respectively (Fig. 
4a regression line not shown). Second, we characterized the 
distribution of the 6,095 correlations between DNA copy num- 
ber and mRNA level, each across the 37 tumor samples (Fig. 4o). 
The distribution of correlations forms a normal-shaped curve, 
but with the peak markedly shifted in the positive direction from 
zero. This shift is statistically significant, as evidenced in a plot 
of observed vs. expected correlations (Fig. 4c), and reflects a 
pervasive global influence of DNA copy number alterations on 
£ene expression. Notably, the highest correlations between DNA 
copy number and mRNA level (the right tail of the distribution 
in Fig. 46) comprise both amplified and deleted genes (data not 
shown). Third, we used a linear regression model to estimate the 
fraction of all variation measured in mRNA levels among the 37 

* 
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Fig. 4. fenom»*Me Influence of ONA copy number alterations on mRHA lev**, (a) For breast cancer cefl I rm ^ ^J^^T^iSt^r^ 
Sanger* mRNA fluorescence r*k> (log, scale) quartlles (bo. plot. Indicate »*f£^J»^^ 
Indlcte standard errorsot the mean) are plotted for each of Ave classes cfgenes. r ?*™^™*^ 

low- medium- (2-4J. and MgWevel (>4) amplication. P values for palr^se Students ttjrtj. «m*artng '^^^^^'S^u^teS 

Wttoriflhiare4 xi^tx 10^».5X «r» 1 x 1(T* (cell fines), and 1 x 10"* 1 x 10-*».S x 

^Te^cted values were obtained by randomization of the sample labeH In the DMA copy number data set ^^^J^^^^ 
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tTSeii intens^/badcground cutoff. Oetaib of the linear region model used to estimate ^ fr^onof v »H at^ * 9^J^^^^^ 
to Underlying DNA Copy Number Alteration). ' - 




tumors that could be attributed to underlying variation in DNA 
copy number. From this analysis, we estimate that, overall, about 
7% of all of the observed variation in mRNA levels can be 
explained directly by variation in copy number of the altered 
genes (Fig. Ad). We can reduce the effects of experimental 
measurement error on this estimate by using only that fraction 
of the data most reliably measured (fluorescence intensity/ 
background >3); using that data, our estimate of the percent 
variation in mRNA levels directly attributed to variation in gene 
copy number increases to 12% (Fig. This still undoubtedly 
represents a significant underestimate, as the observed variation 
in global gene expression is affected not only by true variation in 
the expression programs of the tumor cells themselves, but also 
by the variable presence of non-tumor cell types within clinical 
samples. 

Discussion 

This genome-wide, array OGH analysis of DNA copy number 
alteration in a series of human breast tumors demonstrates the 
usefulness of defining amplicon boundaries at high resolution 
(gene-by-gene), and quantitatively measuring amplicon shape, to 
assist in locating and identifying candidate oncogenes. By ana- 
lyzing mRNA levels in parallel, we have also discovered that 
changes in DNA copy number have a large, pervasive, direct 
effect on global gene expression patterns in both breast cancer 
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cell lines and tumors. Although the DNA microarrays used in our 
analysis may display a bias toward characterized and/or highly 
expressed genes, because we are examining such a large fraction 
of the genome (approximately 20% of all human genes), and 
because, as detailed above, we are likely underestimating the 
contribution of DNA copy number changes to altered gene 
expression, we believe our findings are likely to be gcncralizable 
(but would nevertheless still be remarkable if only applicable to . 
this set of —6.100 genes). 

In budding yeast, aneuploidy has been shown to result in 
chromosome-wide gene expression biases (13). Two recent 
studies have begun to examine the global relationship between 
DNA copy number and gene expression in cancer cells. In 
agreement with our findings, Phillips et aL (14) have shown that 
with the acquisition of tumorigenicity in an immortalized pros- 
tate epithelial cell line, new chromosomal gains and losses 
resulted in a statistically significant respective increase and 
decrease in the average expression level of involved genes. In 
contrast, Platter et aL (15) recently reported that in metastatic 
colon tumors only -4% of genes within amplified regions were 
found more highly (>2-fbkl) expressed, when compared with 
normal colon ic epithelium. This report differs substantially from 
our finding that 62% of highly amplified genes in breast cancer 
exhibit at least Mold increased expression. These contrasting 
findings may reflect methodological differences between the 
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studies. For example, the study of Platzer et al. (15) may have 
systematically under-measured gene expression changes. In this 
regard it is remarkable that only 14 transcripts of many thousand 
residing within unampKfied chromosomal regions were found to 
exhibit at least 4-fold altered expression in metastatic colon 
cancer. Additionally, their reliance on lower-resohition chromo-_ 
soma! CGH may have resulted in poorly delimiting the bound- 
aries of high-complexity amplicons, effectively overcallhig re- 
gions with amplification. Alternatively, the contrasting findings 
for amplified genes may represent real biological differences 
between breast and metastatic colon tumors; resolution of this 
issue will require further studies. 

Our finding that widespread DNA copy number alteration has 
a large, pervasive and direct effect on global gene expression 
patterns in breast cancer has several important implications. 
First, this finding supports a high degree of copy number- 
dependent gene expression in tumors. Second, it suggests that 
most genes are not subject to specific autoregulation or dosage 
compensation. Third, this finding caution* that elevated exprss- 
sipn of an amplified gene cannot alone be considered strong 
independent evidence of a candidate oncogene's role in tumor- 
igenesis. In our study, fully 62% of highly amplified genes 
demonstrated moderately or highly elevated expression. This 
highlights the importance of high-resolution mapping of ampli- 
con boundaries and shape [to identify the "driving" gene(s) 
within amplicons (16)], on a large number of samples, in addition 
to functional studies. Fourth, this finding suggests that analyzing 
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the genomic distribution of expressed genes, even within existing 
microarray gene expression data sets, may permit the inference 
of DNA copy number aberration, particularly aneupkndy (where 
gene expression can be averaged across large chromosomal 
regions; see Fig. 3 and supporting information). Fifth, this 
finding implies that a substantial portion of the phenotypic 
uniqueness (and by extension, the heterogeneity fin clinical 
behavior) among patients* tumors may be traceable to underly- 
ing variation in DNA copy number. Sixth, this finding supports 
a possible role for widespread DNA copy number alteration in 
tumorigeneds (17, 18), beyond the amplification of specific 
oncogenes and deletion of specific tumor suppressor genes. 
Widespread DNA copy number alteration, and die concomitant 
widespread imbalance in gene expression, might disrupt critical 
stochiometric relationships in cell metabolism and physiology 
(e.g., proteosome, mitotic spindle), possibly promoting further 
chromosomal instability and directly contributing to tumor 
development or progression. Finally, our findings suggest the 
possibility of cancer therapies that exploit specific or global 
imbalances in gene expression ia cancer. 
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Each year, over 182,000 women in the United States are 
diagnosed with breast cancer, and approximately 45,000 die 
of the disease. 1 Incidence appears to be increasing in the 
United States at a rate of roughly 2% per year. The reasons 
for the increase are unclear, but non-genetic risk factors appear 
to play a large role. 2 

Five-year survival rates range from approximately 65%- 
85%, depending on demographic group, with a significant 
percentage of women experiencing recurrence of their cancer 
within 10 years of diagnosis. One of the factors most predic- 
tive for recurrence once a diagnosis of breast cancer has been 
made is the number of axillary lymph nodes to which tumor 
has metastasized. Most node-positive women are given adju- 
vant therapy, which increases their survival. However, 20%- 
30% of patients without axillary node involvement also 
develop recurrent disease, and the difficulty lies in how to iden- 
tify this high-risk subset of patients. These patients could 
benefit from increased surveillance, early intervention, and 
treatment. 

Prognostic markers currently used in breast cancer recur- 
rence prediction include tumor size, histological grade, steroid 
hormone receptor status, DNA ploidy, proliferative index, and 
cathepsin D status. Expression of growth factor receptors and 
over-expression of the HER-2/neu oncogene have also been 
identified as having value regarding treatment regimen and 
prognosis. 

HER-2/neu (also known as c-erbB2) is an oncogene that 
encodes a transmembrane glycoprotein that is homologous 
to, but distinct from, the epidermal growth factor receptor. 
Numerous studies have indicated that high levels of expres- 
sion of this protein are associated with rapid tumor growth, 
certain forms of therapy resistance, and shorter disease-free 
survival. The gene has been shown to be amplified and/or 
overexpressed in 10%-30% of invasive breast cancers and in 
40%-60% of intraductal breast carcinoma. 3 

There are two distinct FDA-approved methods by which 
HER-2/neu status can be evaluated: immunohistochemistry 
(IHC, HercepTest™) and FISH (fluorescent in situ hybridiza- 
tion, PathVysion™ Kit). Both methods can be performed on 
archived and current specimens. The first method allows visual 
assessment of the amount of HER-2/neu protein present on 
the cell membrane. The latter method allows direct quantifi- 
cation of the level of gene amplification present in the tumor, 
enabling differentiation between low- versus high-amplifica- 
tidti. At least one study has demonstrated a difference in 



recurrence risk in women younger than 40 years of age for 
low- versus high-amplified tumors (54.5% compared to 
85.7%); this is compared to a recurrence rate of 16.7% for 
patients with no HER-2/neu gene amplification. 4 HER-2/neu 
status may be particularly important to establish in women with 
small (< 1 cm) tumor size. 

The choice of methodology for determination of HER-2/ 
neu status depends in part on the clinical setting. FDA approval 
for the Vysis FISH test was granted based on clinical trials 
involving 1549 node-positive patients. Patients received one 
of three different treatments consisting of different doses of 
cyclophosphamide, Adriamycin, and 5-fluorouracil (CAF). 
The study showed that patients with amplified HER-2/neu 
benefited from treatment with higher doses of adriamycin- 
based therapy, while those with normal HER-2/neu levels did 
not. The study therefore identified a sub-set of women, who 
because they did not benefit from more aggressive treatment, 
did not need to be exposed to the associated side effects. In 
addition, other evidence indicates that HER-2/neu amplifica- 
tion in node-negative patients can be used as an independent 
prognostic indicator for early recurrence, recurrent disease at 
any time and disease-related death. 5 Demonstration of HER- 
2/neu gene amplification by FISH has also been shown to be 
of value in predicting response to chemotherapy in stage-2 
breast cancer patients. 

Selection of patients for Herceptin 0 (Trastuzumab) mono- 
clonal antibody therapy, however, is based upon demonstra- 
tion of HER-2/neu protein overex press ion using HercepTest™. 
Studies using Herceptin c in patients with metastatic breast 
cancer show an increase in time to disease progression, 
increased response rate to chemotherapeutic agents and a small 
increase in overall survival rate. The FISH assays have not yet 
been approved for this purpose, and studies looking at response 
to Herceptin c in patients with or without gene amplification 
status determined by FISH are in progress. 

In general, FISH and IHC results correlate well. However, 
subsets of tumors are found which show discordant results; 
i.e., protein overexpression without gene amplification or lack 
of protein overexpression with gene amplification. The clini- 
cal significance of such results is unclear. Based on the above 
considerations, HER-2/neu testing at SHMC/PAML will uti- 
lize immunohistochemistry (HercepTest 0 ) as a screen, fol- 
lowed by FISH in IHC-negative cases. Alternatively, either 
method may be ordered individually depending on the clini- 
cal setting or clinician preference. 
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CPT code information 



References 



HER-2/neu via IHC 

88342 (including interpretive report) 

HER-2/neu via FISH 

88271 *2 Molecular cytogenetics, DNA probe, each 
88274 Molecular cytogenetics, interphase in situ hybrid- 
ization, analyze 25-99 cells 
8829 1 Cytogenetics and molecular cytogenetics, interpre- 
tation and report 

Procedural Information 

Immunohistochemistry is performed using the FDA-approved 
DAKO antibody kit, Herceptest© The DAKO kit contains 
reagents required to complete a two-step immunohisto- 
chemical staining procedure for.routinely processed, paraffin- 
embedded specimens. Following incubation with the primary 
rabbit antibody to human HER-2/neu protein, the kit employs 
a ready-to-use dextran-based visualization reagent. This re- 
agent consists of both secondary goat anti-rabbit antibody 
molecules with horseradish peroxidase molecules linked to a 
common dextran polymer backbone, thus eliminating the need 
for sequential application of link antibody and peroxidase 
conjugated antibody. Enzymatic conversion of the subse- 
quently added chromogen results in formation of visible 
reaction product at the antigen site. The specimen is then coun- 
terstained; a pathologist using light-microscopy interprets 
results. 

FISH analysis at SHMC/PAML is performed using the 
FDA-approved PathVysion™ HER-2/neu DNA probe kit, pro- 
duced by Vysis, Inc. Formalin fixed, paraffin-embedded breast 
tissue is processed using routine histological methods, and then 
slides are treated to allow hybridization of DNA probes to the 
nuclei present in the tissue section. The Pathvysion™ kit con- 
tains two direct-labeled DNA probes, one specific for the 
alphoid repetitive DNA (CEP 1 7, spectrum orange) present at 
the chromosome 1 7 centromere and the second for the HER- 
2/neu oncogene located at 17ql 1 .2-12 (spectrum green). Enu- 
meration of the probes allows a ratio of the number of copies 
of chromosome 17 to the number of copies of HER-2/neu to 
be obtained; this enables quantification of low versus high 
amplification levels, and allows an estimate of the percentage 
of cells with HER-2/neu gene amplification. The clinically 
relevant distinction is whether the gene amplification is due 
to increased gene copy number on the two chromosome 17 
homologues normally present or an increase in the number of 
chromosome 17s in the cells. In the majority of cases, ratio 
equivalents less than 2.0 are indicative of a normal/negative 
result, ratios of 2.1 and over indicate that amplification is 
present and to what degree. Interpretation of this data will be 
performed and reported from the Vysis-certified Cytogenet- 
ics laboratory at SHMC. 
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ABSTRACT The consistent cytogenetic translocation of 
chronic myelogenous leukemia (the Philadelphia chromosome, 
Ph 1 ) has been observed in cells of multiple hematopoietic 
lineages. This translocation creates a chimeric gene composed 
of breakpolnt<luster*region (bcr) sequences from chromosome 
22 fused to. a portion of the oM oncogene on chromosome 9. The 
resulting gene product (PllO 1 * 1 *) resembles the transforkning 
protein of the Abelson murine leukemia virus in its structure 
and tyrosine kinase activity. P210**" is expressed in Ph r - 
positive ceD lines of myeloid lineage and in clinical specimens 
with myeloid predominance. We show here that Epstein-Barr 
virus-transformed B-lymphocyte lines, that* retain Ph 1 can 
express P2KF*", The level of expression In these B-ceO lines is 
generally lower and more variable, than that observed for 
myeloid tines. Protein expression is not related to amplification 
of the aM gene but to variation In the level of bcr-abl mRNA 
produced from a single Ph 1 template. 

Chronic myelogenous leukemia (CML) is a disease of the 
piuripotent stem ceil (1). In greater than 95% of patients, the 
leukemic cells contain the cytogenetic marker known as the 
Philadelphia chromosome, or Ph 1 (2). This reciprocal 
translocation event between the long arms of chromosomes 
9 and 22 has been used as a disease-specific marker for 
diagnosis and evaluation of therapy. Multiple hematopoietic 
lineages, including myeloid and B-lymphoid, contain Ph 1 in 
early or chronic phase, as well as in the more acute accel- 
erated and blast crisis phases of the disease. 

One molecular consequence of Ph 1 is the translocation of 
the chromosomal arm containing the c-aM gene on chromo- 
some 9 into the middle of the breakpoint-cluster region (bcr) 
gene on chromosome 22 (3-6). Although the precise 
translocation breakpoints are variable, an RNA-splicing 
mechanism generates a very similar 8-kilobase (kb) mRNj\ in 
each, case (5-9). The hybrid bcr-abl message encodes a 
structurally altered form of the abt oncogene product, called 
P210 6 -*" (10-13), with an aniino-terminal segment derived 
from a portion pf the exons of bcr on chromosome 22 and a 
carboxyl-terminal segment derived from a major portion of 
the exons of the c-abl gene on chromosome 9. The chimeric 
structure of bcr-abl and the resulting P210 c ** bl is similar tp the 
structure of the Abelson murine leukemia virus gag-abl 
genome and resulting PloXT"**! transforming gene product. 
Both proteins have very similar tyrosine kinase activities (10, 
11, 14) which can be distinguished by their relative stability 
to denaturing detergents and by their ATP requirements from 
the recently described tyrosine kinase activity of the c-abl 
gene product (15). 

The publication costs of this article were defrayed in part by page charge 
payment, This article roust therefore be hereby marked "advertisement" 
in accordance with 18 U.S.C. filB* solely to tadicate this fact. 



In concert with structural modification of the arnino- 
tenninal portion of the abl gene, increased level of expression 
has been implicated in activation of c-abl oncogenic poten- 
tial. Myeloid and erythroid cell lines and clinical samples 
derived from acute-ph??? CML patients contain about 10- 
fold higher levels of the 8-kb bcr-abl mRNA and 1*210°** than 
thec-oM mRNA forms (6 and 7 kb) and P145°*^ gene product 
(5, 8, 9, ll). The higher level of expression of the clnmeric 
bcr-abl message in acute-phase cells is not likely to be solely 
due to the presence of the bcr promoter sequences at the 5' 
end of the gene, since the normal 4.5-kb and 6.7-kb bcr- 
encoded mRNA species are expressed at an even lower level 
than the normal c*abl messages (5,6). 

We have analyzed a series of Epstein-Barr viw-inunor- 
taMzed B-lymphoid cell lines derived from CML patients (16). 
With such In vitro clonal cell lines, we can evaluate whether 
the presence of Ph 1 always results in synthesis of the chimeric 
bcr-abl message and protein, and whether the quantitative 
expression varies for cells of B-iymphoid lineage as com- 
pared to previously examined myeloid cell lines. Our results 
show that cell lines that retain Ph* do express bcr-abt message 
and protein, but that the level is generally lower and more 
variable* than previously seen for myeloid cell lines. The 
demonstration that the Ph 1 chromosomal template can vary 
in its level of expression of P210°^ 1 suggests that secondary 
mechanisms, beyond the translocation itself, contribute to 
the regulation of the bcr-qbl gene in different cell types or 

subclones that derive from the affected stem cell. 

• . . . 

MATERIALS AND METHODS 

Cells and CeD Labdings. Epstein-Barr vinis-transformed 
B-lymphoid cell lines were established from peripheral blood 
samples of chronic- and acute-phase ClifL patients as report* 
ed (16). The cell lines are designated according to patient 
number, karyotype, and lineage. For example, SK- 
CML7Bt(9,22)-33 refers to CML patient 7, B-lymphoid cell 
line, 9;22 translocation (Ph 1 ), cell line 33; and SK-CML7BN- 
2 refers to B-cell line 2 with a normal karyotype derived from 
the same patient. Repeat karyotype analysis was performed 
to verify the retention of Ph 1 just prior to analysis for abl 
protein and RNA. Cells were maintained in RPMI 1640 
medium with 20% fetal bovine serum. We have not observed 
any consistent pattern of in vitro growth rate that correlates 
to the stage of disease at the time of transformation with 
Epstein-Barr virus. Cells (1.5 x 10 7 ) were washed twice with 
Dulbecco's modified Eagle's medium lacking phosphate and 

Abbreviations: bcr, breakpoint-cluster region; CML, chronic 
myelogenous leukemia; kb, kilobase(s). 

♦Present address: Department of Genetics, University of Washing- 
ton, Seattle, WA 98195. 
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supplemented with 5% dialyzed fetal bovine serum. Cells 
were then resuspended in 2 ml of the minimal medium. 
Labeling was started with the addition of I 32 P]orthophos- 
phate (1 mCi/ml; ICN; 1 Ci = 37 GBq) and continued at 37°C 
for 3-4 hr. 

Immunoprecipitation and Immunoblottlng. Immunoprecip- 
itations were carried out as described (10). Cells (L5 x JO 7 ) 
were washed with phosphate-buffered saline and extracted - 
with 3-5 ml of phosphate lysis buffer (1% Triton X- 100/0.1 
NaDodSO 4 /0.5% deoxycholate/10 mM Na 2 HP0 4 , pH 7.5/ 
100 mM NaCl) with 5 mM EDTA and 5 mM phenylmethyl- 
sulfonyl fluoride. Extracts were clarified by centrifugation 
and precipitated with normal or rabbit anti-abl sera (anti- 
pEX-2 or anti-pEX-5) (17)! The precipitated proteins were 
electrophoresed in a NaDodS0 4 /8% polyacrylamide gel. 
32 P-labeled proteins were detected by autoradiography. 
Alternatively, abl proteins were detected by immunoblotting. 
Extracts from unlabeled cells were clarified, and proteins 
were concentrated by immunoprecipitation with rabbit anti- 
sera against aW-encoded proteins [anti-pEX-2 and anti-pEX- 
5 combined (17)] and then fractionated in %% acrylamide gels. 
The proteins were transferred from the gel to nitrocellulose 
filters, using protease-facilitated transfer (18). The abl- 
encoded proteins were detected using murine monoclonal 
antibodies as a probe and peroxidase-conjugated goat anti- 
mouse second stage antibody (Bio-Rad) for development. 
Rabbit antisera and mouse monoclonal antibodies to abl 
proteins were prepared using bacterially expressed regions of 
the v-abl protein as immunogens (17, 19). Anti-pEX-2 anti- 
bodies react with the internal tyrosine kinase domain and 
anti-pEX-5 antibodies react with the carboxyl-terminal seg- 
ment of the abl proteins. 

RNA Analysis. RNA was extracted from 10 8 cells by the 
NaDodSCVurea/phenol method (20). Polyadenylylated 
RNA was purified by oligo(dT) affinity chromatography. 
Samples were electrophoresed in a 1% agarose/formalde- 
hyde gel and transferred to nitrocellulose, abl RNA species 
were detected by hybridization with a nick-translated v-abl 
fragment probe (21). 

DNA Analysis. DNA was prepared from 5 x 10 7 cells of 
each cell line and processed for Southern blots with i v-abl 
probe as described (21). 

RESULTS 

Variable Levels of PaiO^ Are Detected In Ph '-Positive Cell 
Lines. Ph^positive and Ph l -negative, Epstein-Barr virus- 
transformed B-lymphocyte cell lines derived from the same 
patient were examined for P210 c ^ bl synthesis by immuno- 
precipitation of [ 3i P]orthophosphate-labeled cell extracts 
with anti-abl sera (Fig. 1). The normal c-abl protein P145 c "* bl 
was detected at a similar level in multiple Ph 1 *pbsitive and 
Ph 1 -negative cell lines. P210 c-abl was only detected in the 
Ph 1 -positive cell lines because the bcr*abl chimeric gene 
which encodes P210 c ** resides on the Ph l (4, 5, 11, 13). Hie 
level of P210 c "* bl was about 4- to 5-fold higher than the level 
of P145 c ** bl in the SK-CML7BI-33 cell line (Fig. 1A, +). The 
Ph l -positive erythroid-progenitor cell line K562 (C) showed 
a level of P2l6 c ' ib, about 10-fold higher than P^ 0 ^ 1 . 
However, the level of P210 c * Rbl was about one-fifth that of 
p 145 c^bi in ^ phi-positive SK-CML16Bt-l cell line (Fig. IB, 
+). Comparison of different autoradiographic exposures 
roughly indicated that the level of P210 c * iU " varies over a 
20-fold range between these Ph 1 -positive B-cell lines. Anal- 
ysis of four additional Ph ^positive B-cell lines demonstrated 
that the level of P210 c * Ebl fell into two general classes; some 
cell lines had a level of P210 c * w similar to SK-CML7Bt-33 
and others had the low level similar to SK-CML16BM (Table 
1). This differs from previous studies with Ph l -positive 
myeloid cell lines and patient samples derived from acute- 
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Fig. 1. Detection of variable levels of P210 MM in Ph l -positivc 
B-cell lines. Production of P145**" and P210 0 *" in Epstein-Barr 
virusrtransformed B-cell lines derived .from a blast-crisis (A) and a 
chronic-phase (5) CML patient was examined by metabolic labeling 
with ["PJorthophosphate and immunoprecipitation. Fh'-negative 
(-) and Ph'-positive (+) cell lines derived from each patient were 
analyzed. The Ph l -negative cell line in A,- is SK-CML7BN-2 and in 
B t - is SK^C?«SL16BN-1. The Ph^positive ccH line A.+ is 
SK-CML7Bt-33 and in is SK-CML16Bt-l. The K562 cell line, a 
Prepositive erythroid progenitor cell line spontaneously derived 
from a blast-crisis patient (33), is represented in C. Cells (1.5 x 10 7 ) 
were metabolically labeled with 2 mCi of P^lorthppbosphate for 3-4 
hr and then were extracted and clarified by centrifugation. Samples 
were immunoprecipitated with control normal serum (lanes 1), 
anti-pEX-2 (lanes 2), or anti-pEX*5 (lanes 3) and analyzed by 
NaDodS0 4 /8% PAGE followed by autoradiography with an inten- 
sifying screen (3 days for A and C, 10 days for B). 

phase CML patients, in which P210 P * M was detected at a 
10-fold higher level than P145** 1 (refs. 10 and 11; Table 1). 
There was no large difference in level of chimeric mRNA and 
P210 c "* w expressed in four myeloid/erythroid-lineage Ph 1 - 
positive cell lines (K562, EM2, EM3, CML22 t and BV173; 
refs. 9 and 11), despite a 4- to 5-fold amplification of 
aW-related sequences in the K562 cell line. 

Detection of different levels of P210 CHKbl in Fig. 1 could be 
due to decreased phosphorylation of P21<P* W , a lower level 
of P210 c ** bl synthesis, or altered stability of the protein. To 
help distinguish among these possibilities, the steady-state 
level of P210 C * M in the cell lines was assayed by immuno- 
blotting. Hie results show that SK-CML7Bfe33 (Fig. 2A, +) 
had a higher level of P210 c * bl than P145, similar to the results 
with metabolic labeling (Fig. 1). We did not detect P2HP* bl 
by immunoblotting with 2 x 10 7 cells of line SK-CML8Bt-3 
(Fig. IB, +). Reconstruction experiments using dilutions of 
cell extracts showed that we could detect about 5-10% the 
level of P210 c -^ 1 expressed in the K562 cell line (data not 
shown). We infer that the steady-state level of P210 c ** b! in 
SK-CML8BC-3 is lower than, the level in SK-CML7Bt»33 by 
a factor of at least 10. The level oif P210 c * bl detected in these 
assays correlated with the amount of P210 c ^ bl tyrosine kinase 
activity that could be detected in vitro (data hot shown). 

Different Levels of P210 C ** M Are Reflected in the Amount of 
Stable bcr-abl mRNA. To identify the basis for detection of 
variable levels of P210 c * u , we examined the production of 
the abl RNA. RNA blot hybridization analysis using a v-aW 
probe (Fig. 3) showed that the normal 6- and 7-kb c-abl 
mRNAs were present at a similar level in Ph l -positive and 
-negative cell lines derived from different patients. However, 
the 8-kb mRNA that encodes P21(P* bI was detected at a 
10-fold higher level in SK-CML7Bt-33 (Fig. 3A, +) than in 
SK-CML16BM (B 9 +), which correlated with the relative 
level of P210 c-Obi detected in each cell line. Analysis of 
additional cell lines demonstrated that the level of 8-kb RNA 
directly correlated with the level of P2HP** 1 (Table 1). The 
variation in level of 8-kb RNA detected in these cell lines was 
not due to loss or gain of Ph 1 , because cytogenetic analysis 
confirmed the presence of Ph 1 in these cell lines (ref, 16 and 
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Table 1. Relative levels dbcr-abl expression in Epstcift-Barr. 
virus-immortalized B-cell lines and myeloid CML lines ■ . 



Cell line* CML phase* Ph 1 * P2105 



8-kb 
mRNA* 



SK-CML7BN-2 

SK-CML8BN-10 

SK-CML8BN-12 

SK-CML16BN-1 

SK-CML35BN-1 

SK-CML7B5-33 

SK-CML21Bt-l 

SK-CML21BI-6 

SK-CML8Bt-3 

SK-CML16BM 

SK-CML35Bt-2 

K562 

BV173 

EM2 



BC 

Chronic 

Chronic 

Chronic 

Chronic 

BC 

Acc 

Acc 

Chronic 

Chronic 

Chronic 

BC 

BC 

BC 



+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 



+++ 
+++ 
+++ 

+ . 

+ 

+++++ 
+++++ 
+++++ 



+++ 
+++ 

+++ 

± 

+■ 
+ 

+++++ 
+++++ 
+++++ 



♦Cell lines derived from CML patients by transformation with 
Epstein-Barr virus as described <16). Names of cell lines indicate, 
patient number and Ph 1 status: SK-CML7Bt indicates a cell line 
derived from patient 7 that carries the 9;22 Ph 1 translocation; N 
indicates a normal karyotype. Myeloid-erythroid cell lines (K562, 
EM2, and BV173) are described in previous publications (9, 11, 22, 
33). 

tStatus of patient at the time cell line was derived. BC, blast crisis; 
Acc, accelerated phase. 

♦Presence (+) or absence (-) of Ph 1 as demonstrated by karyotypic 
or Southern blot analysis. 

8P210 D * bl detected as described in legend to Fig. 1. B-cell lines 
derived from blast-crisis and accelerated-phase patients had levels 
of P210 3- to 5-fold higher (+++) than levels of P145. Chronic- 
phase-derived cell lines had P210 levels lower than or just equivalent 
(+) to the level of P145. Myeloid and erythroid lines had levels of 
P210 5- to 10-fold higher than P145 (+++++). 
f Eight-kilobase bcr-abl raRNA detected as described in legend to 
Fig. 2. Symbols: ±, borderline detectable; +++++, level of 8-kb 
mRNA 5- to 10-fold higher than that of the 6- and 7-kb c-abl mRNA 
species; +++, level of 8-kb mRNA 3- to 5-foid higher than that of 
the 6- and 7-kb species ; + , a level approximately equivalent to that 
of the 6- and 7-kb messages. 

data not shown). There was no difference in the copy number 
of aJ?/-related sequences as judged by Southern blot analysis 
(Fig. 4). Only the K562 cell line control showed an amplifi- 
cation of abl sequences, as previously reported (22, 23). 
These combined data suggest that differential bcr-abl mRNA 
expression from a single gene template is responsible for the 
variable levels of P210^ ab! detected. This could be mediated 




— P210 



— PUS 



Flo. 2. Analysis of steady-state abl protein levels by immuno- 
blotting. Cell extracts prepared from 2 x 10 7 cells of lines SK- 
CML7BN-2 (A t *-h SK-CML7Bt-33 (A,+), SK-CML8BN-10 (*,-), 
and SK-CML8BN3 (B,+) were concentrated by immunoprecip- 
itation with anti-pEX-2 plus anti-pEX-5. Samples were then electro- 
phoresed in a NaDodS0 4 /8% polyacrylamide gel and transferred to 
nitrocellulose, using protease-facilitated transfer (18). abl proteins 
were detected using a mixture of two monoclonal antibodies directed 
against the pEX-2 and pEX-5 oM-protein fragments produced in 
bacteria (19) as a probe and a peroxidase-ebnjugated goat anti-mouse 
second-stage antibody {Bio-Rad) for development. 




Flo. 3. Comparison of abl RNA levels in Ph'-positive and 
-negative B-cell lines. The levels of the normal 6* and 7-kb c-abl 
RNAs and the 8-kb bcr+abtKNA were analyzed by blot hybridization 
using a v-abl probe. RNA was extracted from Ph'-negau've lines 
SK-CML7BN-2 (A,-) arid SK-CML16BN-1 (B # -), from Ph l -pos- 
itiye lines SK-CML6Bt-33 (A,+) and SK-CML16Bt-3 (0,+), and 
from line K562 (C,+) by the NaDodSd 4 /urea/phenol method (20). 
Polyadenylylated RNA was purified by oligo(dT) affinity chroma- 
tography, and 15 fig of each sample was electrophbresed in a 1% 
agarose/formaldehyde gel and then transferred to nitrocellulose. The 
blotted RNAs were hybridized with a nick-translated v-abl fragment 
probe (21) and then autoradiographed for 4 days. 

by factors influencing the transcription rate of the bcr-abl 
gene or the stability of the mRNA. 

DISCUSSION 

Several lines of evidence suggest that formation of Ph 1 is not 
the primary event that affects the stem cell in CML. Patients 
have been identified that present with the clinical picture of 
CML but only later develop Ph 1 (1). This observation, 
coupled with studies of C6PD (glucose-6-phosphate dehy- 
drogenase)-heterozygous females with CML that demon- 
strate stem-cell clonality by isozyme analysis among ceil 



B 




Fig. 4. Southern blot analysis of abl sequences in Ph'-positive 
and -negative B-cell lines. High molecular weight DNA (15 jig) was 
digested with restriction endonuciease BamHl, separated in a 0.8% 
agarose gel, and then transferred to nitrocellulose. The blotted DNA 
fragments were hybridized with a nick-translated, 2.4-kb£g/ II v-abl 
fragment (1.5 x 10 s cpm/jig; ref. 21) and exposed for 4 days. (A) 
Autoradiogram of oW-specific fragments in cell lines HL-60 (lane 1), 
EM2 (lane 2), K562 (lane 3), SK-CML7Bt-33 (lane 4), SK-CML8Bt-3 
(lane 5), SK-CML16BM Cane 6), SK-CML21Bt-6 (lane 7), SK- 
CML35Bt-2 (lane 8), SK-CML7BN-2 (lane 9), SK-CMLSBN-2 (lane 
10), and SK-CML35BN-1 Cane 11). (B) Ethidium bromide staining of 
agarose gel prior to transfer to nitrocellulose, showing the level of 
variation In amount of DNA loaded per lane. . 
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populations that lack the Ph l marker, supports a secondary 
or complementary role for Ph 1 in the progression of the 
disease (24, 25). This chromosome marker is found in 
chronic, accelerated, and blast-crisis phases of the disease. It 
is likely that Ph 1 coolers some growth advantage, since cells 
with the marker chromosome eventually predominate the 
marrow and peripheral bl ood e ven in chronic phase. During 
the phase of blast crisis, many patients develop additional 
chromosome abnormalities, including duplication of Ph 1 , a 
variety of trisomies, and complex translocations (26). This 
is suggestive evidence for Ph 1 being a necessary but not 
sufficient genetic change for the full evolution of the 
disease. . 

The realization that one molecular result of Ph 1 is the 
generation of a chimeric bcr-abl protein with functional 
characteristics and structure analogous to the gag-abl trans- 
forming protein of the Abelson murine leukemia virus 
strengthens the argument for an important role of Ph 1 in the 
pathogenesis of CML. Although the Abelson virus is gener- 
ally considered a rapidly transforming retrovirus, its effects 
can range from overcoming growth factor requirements, to 
cellular lethality, to induction of highly oncogenic tumors in 
a number of hematopoietic cell lineages (27, 28). Even in the 
transformation of murine cell targets, there are several lines 
of evidence that suggest that the growth-promoting activity of 
the v-abl gene product is complemented by further cellular 
changes in the production of the malignant-cell phenotype 
(29-31). 

The regulation of bcr-abl gene expression is complex 
because the 5' end of the gene is derived from the non-abl 
sequences, bcr t normally found on chromosome 22 (6). The 
level of stable message for the normal bcr gene and the 
normal abl gene are both much lower than the level of the 
bcr-abl message and protein from cell lines and clinical 
specimens derived from myeloid blast-crisis patients (5, 6, 
11). Therefore, the high level of bcr-abl expression cannot 
simply be attributed to the regulatory sequences associated 
with ben Possibly, creation of the chimeric gene disrupts the 
normal regulatory sequences and results in a higher level of 
expression. Variation in bcr-abl expression may result from 
secondary changes in the structure of the chimeric gene or 
function of /ran j-acting factors that occur during evolution of 
the disease. Our analysis of P210 c ~ abl and the 8-kb mRNA in 
Epstein-Barr virus-transformed Ph l -positive B-cell lines 
demonstrates that stable message and protein levels from the 
bcr-abl gene can vary over a wide range. This variation does 
not result from a change in the number of bcr-abl templates 
secondary to gene amplification but more likely from changes 
in either transcription rate or mRNA stability. We suspect 
this range of bcr-abl expression is not limited to lymphoid 
cells. Analysis of peripheral blood leukocytes derived from 
an unusual CML patient who has been in chronic phase with 
myeloid predominance for 16 years showed a level of 
P210 CHibl one-fifth that of P145 c ™ as detected by metabolic 
labeling with [ 32 P]orthophosphate and immunoprecipitation 
(S.C., O.N. W., and P. Greenberg, unpublished observa- 
tions). Lower levels of expression of the chimeric mRNA 
have been demonstrated in clinical samples from chrome- 
phase CML patients compared to acute-phase CML patients 
(9). Others have reported chrome-phase patients with vari- 
able but, in some cases, relatively high levels of the bcr-abl 
mRNA (32). The sampling variation and the heterogenous 
mixture of cell types in clinical samples complicate such 
analyses. Further work is needed to evaluate whether there 
is a defined change in P2MP ftbI expression during the pro- 
gression of CML. It is interesting to note that among the 
limited sample of Prepositive B-cell lines we have examined 
(Table 1), we have seen higher levels of P210 c -* bI in those 
derived from patie v * at more advanced stages of the disease. 



It will be important to search for cell-type-specific mecha- 
nisms that might regulate expression of bcr-abl from Ph 1 . 
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Daniel Figeys j n tn j s rev i ew we examine the current state of proteome analysis. There are 

Ruedi Aebersold ihiee main issues discussed: why it is necessary to study proteomes; how pro- 

teomes can be analyzed with current technology; and how proteome analysis 
Department of Molecular can be used iQ ennance biological research. We conclude that proteome anal- 

Biotechnology, University of ys[$ [s an essential tool in the understanding of regulated biological systems. 

Washington, Seattle, WA, UbA Current technology, while still mostly limited to the more abundant proteins, 

enables the use of proteome analysis both to establish databases of proteins 
present, and to perform biological assays involving measurement of multiple 
variables. We believe that the utility of proteome analysis in future biological 
research will continue to be enhanced by further improvements in analytical 
technology. 
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1 Introduction 

A proteome has been defined as the protein complement 
expressed by the genome of an organism, or, in multicel- 
lular organisms, as the protein complement expressed by a 
tissue or differentiated cell [I]. In the most common im- 
plementation of proteome analysis the proteins extracted 
from the cell or tissue analyzed are separated by high 
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mass spectrometry; SAGE, serial analysis of gene expression 

Keywords: Proteome / Two-dimensional polyacrylamide gel electro- 
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2 Rationale for proteome analysis 

The dramatic growth in both the number of genome 
projects and the speed with which genome sequences 
are being determined has generated huge amounts of 
sequence information, for some species even complete 
genomic sequences ([15-17]). The description of the 
state of a biological system by the quantitative measure- 
ment of system components has long been a primary 
objective in molecular biology. With recent technical 
advances including the development of differential dis- 
play-PCR [18], cDNA microarray and DNA chip techno- 
logy [19, 20] and serial analysis of gene expression 
(SAGE) [21, 22], it is now feasible to establish global and 
quantitative rriRNA expression maps of cells and tissues, 
in which the sequence of all the genes is known, at a 
speed and sensitivity which is not matched by current 
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protein analysis technology. Given the long-standing 
paradigm in biology that DNA synthesizes RNA which 
synthesizes protein, and the ability to rapidly establish 
global, quantitative mRNA expression maps, the ques- 
tions which arise are why technically complex proteome 
projects should be undertaken and what specific types of 
information could be expected from prbteome projects 
which cannot be obtained from genomic and transcript 
profiling projects. We see three main reasons for pro- 
leome analysis to become an essential component in the 
comprehensive analysis of biological systems, (i) Protein 
expression levels are not predictable from the mRNA 
expression levels, (ii) proteins are dynamically modified 
and processed in ways which are not necessarily 
apparent from the gene sequence, and (iii) proteomes 
are dynamic and reflect the state of a biological system. 

2.1 Correlation between mRNA and protein expression 
levels 

Interpretations of quantitative mRNA expression profiles 
frequently implicitly or explicitly assume that for specific 
genes the transcript levels are indicative of the levels of 
protein expression. As part of an ongoing study in our 
laboratory, we have determined the correlation of expres- 
sion at the mRNA and protein levels for a population of 
selected genes in the yeast Saccharomyces cerevisiae 
growing at mid-log phase (S. R Gygi et al. t submitted for 
publication). mRNA expression levels were calculated 
from published SAGE frequency tables [22]. Protein 
expression levels were quantified by metabolic radiola- 
beling of the yeast proteins, liquid scintillation counting 
of the protein spots separated by high resolution 2-DE 
and mass spectrometric identification of the protein(s) 
migrating to each spot. The selected 80 samples consti- 
tute a relatively homogeneous group with respect to pre- 
dicted half-life and expression level of the protein pro- 
ducts. Thus far, we have found a general trend but no 
strong correlation between protein and transcript levels 
(Fig. 1). For some genes studied equivalent mRNA trans- 
cript levels translated into protein abundances which 
varied by more than 50-fold. Similarly, equivalent steady- 
state protein expression levels were maintained by trans- 
cript levels varying by as much as 40-fold (S. P. Gygi 
et al. y submitted). These results suggests that even for a 
population of genes predicted to be relatively homoge- 
neous with respect to protein half-life and gene expres- 
sion, the protein levels cannot be accurately predicted 
from the level of the corresponding mRNA transcript. 

2.2 Proteins are dynamically modified and processed 

In the mature, biologically active form many proteins are 
post-translationally modified by glycosylation, phosphor- 
ylation, prenylation, acylation, ubiquitination or one or 
more of many other modifications [23] and many pro- 
teins are only functional if specifically associated or com- 
plexed with other molecules, including DNA, RNA, pro- 
teins and organic and inorganic cofactors. Frequently, 
modifications are dynamic and reversible and may alter 
the precise three-dimensional structure and the state of 
activity of a protein. Collectively, the state of modifica- 
tion of the proteins which constitute a biological system 
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Figure /. Correlation between mRNA and protein levels in yeast cells. 
For a selected population of 80 genes, protein levels were measured 
by 3S -S-radiolabeling and mRNA levels were calculated from publi- 
shed SAGE tables. Inset: expanded view of the low abundance region. 
For more experimental details, also see Figs. 5 and 6, (S. P. Gygi et a/., 
submitted). 



are important indicators for the state of the system. The 
type of protein modification and the sites modified at a 
specific cellular state can usually not be determined 
from the gene sequence alone. 

2.3 Proteomes are dynamic and reflect the state of a 
biological system 

A single genome can give rise to many qualitatively and 
quantitatively different proteomes. Specific stages of the 
cell cycle and states of differentiation, responses to 
growth and nutrient conditions, temperature and stress, 
and pathological conditions represent cellular states 
which are characterized by significantly different pro- 
teomes. The proteome, in principle, also reflects events 
that are under translational and post-translational con- 
trol. It is therefore expected that proteomics will be able 
to provide the most precise and detailed molecular des- 
cription of the state of a cell or tissue, provided that the 
external conditions defining the state are carefully deter- 
mined. In answer to the question of whether the study 
of proteomes is necessary for the analysis of biomolec- 
ular systems, it is evident that the analysis of mature pro- 
tein products in cells is essential as there are numerous 
levels of control of protein synthesis, degradation, 
processing and modification, which are only apparent by 
direct protein analysis. 



3 Description and assessment of current proteome 
analysis technology 

3.1 Technical requirements of proteome technology 

In biological systems the level of expression as well as 
the states of modification, processing and macro-molec- 
ular association of proteins are controlled and modu- 
lated depending on the state of the system. Comprehen- 
sive analysis of the identity, quantity and state of modifi- 
cation of proteins therefore requires the detection and 
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quantitation of the proteins which constitute the system, 
and analysis of differentially processed forms. There are 
a number of inherent difficulties in protein analysis 
which complicate these tasks. First, proteins cannot be 
amplified. It is possible to produce large amounts of a 
particular protein by over-expression in specific cell sys- 
tems. However, since many proteins are dynamically 
post-translationally modified, they cannot be easily am- 
plified in the form in which they finally function in the 
biological system. It is frequently difficult to purify from 
the native source sufficient amounts of a protein for 
analysis. From a technological point of view this trans- 
lates into the need for high sensitivity analytical tech- 
niques. Second, many proteins are modified and pro- 
cessed post-translationally. Therefore, in addition to the 
protein identity, the structural basis for differentially 
modified isoforms also needs to be determined. The dis- 
tribution of a constant amount of protein over several 
differentially modified isoforms further reduces the 
amount of each species available for analysis. The com- 
plexity and dynamics , of post-translational protein edit- 
ing thus significantly complicates proteome studies. 
Third, proteins vary dramatically with respect to their 
solubility in commonly used solvents. There are few, if 
any, solvent conditions in which all proteins are soluble 
and which are also compatible with protein analysis. This 
makes the development of protein purification methods 
particularly difficult since both protein purification and 
solubility have to be achieved under the same condi- 
tions. Detergents, in particular sodium dodecyl sulfate 
(SDS), are frequently added to aqueous solvents to 
maintain protein solubility. The compatibility with SDS 
is a big advantage of SDS polyacrylamide gel electro- 
phoresis (SDS-PAGE) over other protein separation 
techniques. Thus,, SDS-PAGE and two-dimensional gel 
electrophoresis, which also uses. SDS and other deter- 
gents, are the most general and preferred methods for 
the purification of small amounts of proteins, provided 
that activity does not necessarily need to be maintained. 
Lastly, the number of proteins in a given cell system is 
typically in the thousands. Any attempt to identify and 
categorize all of these must use methods which are as 
rapid as possible to allow completion of the project 
within a reasonable time frame. Therefore, a successful, 
general proteomics technology requires high sensitivity! 
high throughput, the ability to differentiate differentially 
modified proteins, and the ability to quantitatively dis- 
play and analyze all the proteins present in a sample. 

3.2 2-D electrophoresis - mass spectrometry: a common 
implementation of proteome analysis 

The most common currently used implementation of 
proteome analysis technology is based on the separation 
of proteins by two-dimensional (IEF/SDS-PAGE) gel 
electrophoresis and their subsequent identification and 
analysis by mass spectrometry (MS) or tandem mass 
spectrometry (MS/MS). In 2-DE, proteins are first separ- 
ated by isoelectric focusing (IEF) and then by SDS- 
PAGE, in the second, perpendicular dimension. Separ- 
ated proteins are visualized at high sensitivity by staining 
or autoradiography, producing two-dimensional arrays of 
proteins. 2-DE gels are, at present, the most commonly 
used means of global display of proteins in complex 



samples. The separation of thousands of proteins has 
been achieved in a single gel [24, 25J and differentially 
modified proteins are frequently separated. Due to the 
compatibility of 2-DE with high concentrations of deter- 
gents, protein denaturants and other additives promoting 
protein solubility, the technique is widely used. 

The second step of this type of proteome analysis is the 
identification and analysis of separated proteins. Individ- 
ual proteins from polyacrylamide gels have traditionally 
been identified using /V-terminal sequencing [26, 27], 
internal peptide sequencing [28, 29], immunoblotting or 
comigration with known proteins [30]. The recent dra- 
matic growth of large-scale genomic and expressed 
sequence tag (EST) sequence databases has resulted in a 
fundamental change in the way proteins are identified by 
their amino acid sequence. Rather than by the traditional 
methods described above, protein sequences are now fre- 
quently determined by correlating mass spectral or 
tandem mass spectral data of peptides derived from pro- 
teins, with the information contained in sequence data- 
bases [31-33], 

There are a number of alternative approaches to pro- 
teome analysis currently under development. There is 
considerable interest in developing a proteome analysis 
stragegy which bypasses 2-DE altogether, because it is 
considered a relatively slow and tedious process, and 
because of perceived difficulties in extracting proteins 
from the gel matrix for analysis. However, 2-DE as a 
starting point for proteome analysis has many advan- 
tages compared to other techniques available today. The 
most significant strengths of the 2-DE-MS approach 
include the relatively uniform behavior of proteins ' in 
gels, the ability to quantify spots and the high resolution 
and simultaneous display of hundreds to thousands of 
proteins within a reasonable time frame. 

A schematic diagram of a typical procedure of the identi- 
fication of gel-separated proteins is shown in Fig. 2. Pro- 
tein spots detected in the gel are enzymatically or chemi- 
cally fragmented and the peptide fragments are isolated 
for analysis, as already indicated, most frequently by MS 
or MS/MS. There are numerous protocols for the gener- 
ation of peptide fragments from gel-separated proteins. 
They can be grouped into two categories, digestion in 
the gel slice [28, 34] or digestion after electrotransfer out 
of the gel onto a suitable membrane ({29, 35-37] and 
reviewed in [38]). In most instances either technique is 
applicable and yields good results. The analysis of MS or 
MS/MS data is an important step in the whole process 
because MS instruments can generate an enormous 
amount of information which cannot easily be managed 
manually. Recently, a number of groups have developed 
software systems dedicated to the use of peptide MS 
and MS/MS spectra for the identification of proteins. 
Proteins are identified by correlating the information 
contained in the MS spectra of protein digests or 
MS/MS spectra of individual peptides with data con- 
tained in DNA or protein sequence databases. 

The systems we are currently using in our laboratory are 
based on the separation of the peptides contained in pro- 
tein digests by narrow bore or capillary liquid chromatog- 
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Han re 2. Schematic diagram of a procedure for identification of gel- 
scparated proteins. Peptides can either be separated by a technique 
such as LC or CE, or infused as a mixture and sorted in the MS. Data- 
base searching can either be performed on peptide masses from an 
MS spectrum, peptide fragment masses from CID spectra of peptides, 
or it combination of both. 



raphy [39, 40] or capillary electrophoresis (41), the anal- 
ysis of the separated peptides by electrospray ioniza- 
tion (ESI) MS/MS, and the correlation of the generated 
peptide spectra with sequence databases using the 
SEQUEST program developed at the University of Wash- 
ington [32, 33). The system automatically performs the 
following operations: a particular peptide ion character- 
ized by its mass-to-charge ratio is selected in the MS out 
of all the peptide ions present in the system at a parti- 
cular time; the selected peptide ion is collided in a colli- 
sion cell with argon (collision-induced dissociation, 
CID) and the masses of the resulting fragment ions are 
determined in the second sector of the tandem MS; this 
experimentally determined CID spectrum is then corre- 
lated with the CID spectra predicted from all the pep- 
tides in a sequence database which have essentially the 
same mass as the peptide selected for CID; this correla- 
tion matches the isolated peptide with a sequence seg- 
ment in a database and thus identifies the protein from 
which the peptide was derived. There are a number of 
alternative programs which use peptide CID spectra for 
protein identification, but we use the SEQUEST system 
because it is currently the most highly automated pro- 
gram and has proven to be successful, versatile and 
robust. 



required. As an approximate guideline, for samples con- 
taining tens of picomoles of peptides, LC-MS/MS is 
most appropriate; for samples containing low picomole 
amounts to high femtomole amounts we use capillary 
LC-MS/MS; and for samples containing femtomoles or 
less, CE-MS/MS is the method of choice. 

3.3.1 LC-MS/MS 

The coupling of an MS to an HPLC system using a 
0.5 mm diameter or bigger reverse phase (RP) column 
has been described in detail [42]. This system has several 
advantages if a large number of samples are to be ana- 
lyzed and all are available in sufficient quantity. The 
LC-MS and database searching program can be run in a 
fully automated mode using an autosampler, thus maxi- 
mizing sample throughput and minimizing the need for 
operator interference. The relatively large column is 
tolerant of high levels of impurities from either gel prep- 
aration or sample matrix. Lastly, if configured with a 
flow-splitter and micro-sprayer [40], analyses can be per- 
formed on a small fraction of the sample (less than 5%) 
while the remainder of the sample is recovered in very 
pure solvents. This latter feature is particularly useful 
when an orthogonal technique is also used to analyze 
peptide fractions, such as scintillation of an introduced 
radiolabel, and this data can be correlated with peptides 
identified by CID spectra. 

3.3.2 Capillary LC-MS 

An increase of sensitivity of approximately tenfold can be 
achieved by using a capillary LC system with a 100 urn ID 
column rather than a 0.5 mm ID column as referred to 
above. Since very low flow rates are required for such 
columns, most reports have used a precolumn flow split- 
ting system for producing solvent gradients. We have 
recently desribed the design and construction of a novel 
gradient mixing system which enables the formation 
of reproducible gradients at very low flow rates (low 
nL/min) without the need for flow splitting (A. Ducret 
et ai., submitted for publication). Using this capillary 
LC-MS/MS system we were able to identify gel-separat- 
ed proteins if low picomole to high femtomole amounts 
were loaded onto the gel [40]. This system is as yet'not 
automated and, like all capillary LC systems, is prone to 
blockage of the columns by microparticulates when ana- 
lyzing gel-separated proteins. 



3.3 Protein identification by LC-MS/MS, capillary 
LC-MS/MS and CE-MS/MS 

It has been demonstrated repeatedly that MS has a very 
high intrinsic sensitivity. For the routine analysis of gel- 
separated proteins at high sensitivity, the most signif- 
icant challenge is the handling of small amounts of 
sample. The crux of the problem is the extraction and 
transferal of peptide mixtures generated by the digestion 
of low nanogram amounts of protein, from gels into the 
MS/MS system without significant loss of sample or 
introduction of unwanted contaminants. We employ 
three different systems for introducing gel-purified sam- 
ples into an MS, depending on the level of sensitivity 



3.3.3 CE-MS/MS 

The highest level of sensitivity for analyzing gel-sep- 
arated proteins can be achieved by using capillary elec- 
trophoresis - mass spectrometry (CE-MS). We have de- 
scribed in the past a solid-phase extraction capillary elec- 
trophoresis (SPE-CE) system which was used with triple 
quadrupole and ion trap ESI-MS/MS systems for the 
identification of proteins at the low femtomole to sub- 
femtomole sensitivity level [43, 44]. While this system is 
highly sensitive, its operation is labor-intensive and its 
operation has hot been automated. In order to devise an 
analytical system with both the sensitivity of a CE and 
the level of automation of LC, we have constructed 
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Figure 3. Schematic illustration of a 
microfabrtcated analytical system for CE, 
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coated capillary etectroosmotic pump, 
and microelectrospray interface. The 
dimensions of the channels and reservoir 
are as indicated in the text. The channels 
on the device were graphically enhanced 
to make them more visible. Reproduced 
from [4Sl, with permission. 



microfabricated devices for the introduction of samples 
into ESI-MS for high-sensitivity peptide analysis. 

The basic device is a piece of glass into which channels 
of 10-30 um in depth and 50-70 um in diameter are 
etched by using photolithography/etching techniques 
similar to the ones used in the semiconductor industry. 
(A simple device is shown in Fig. 3). The channels are 
connected to an external high voltage power supply [45]. 
Samples are manipulated on the device and off the 
device to the MS by applying different potentials to the 
reservoirs. This creates a solvent flow by etectroosmotic 
pumping which can be redirected by changing the posi- 
tion of the electrode. Therefore, without the need for 
valves or gates and without any external pumping, the 
flow can be redirected by simply switching the position 
of the electrodes on the device. The direction and rate of 
the flow can be modulated by the size and the polarity 
of the electric field applied and also by the charge state 
of the surface. . 

The type of data generated by the system is illustrated in 
Fig. 4, which shows the mass spectrum of a peptide sample 
representing the tryptic digest of carbonic anhydrase at 
290 fmol/uL. Each numbered peak indicates a peptide suc- 
cessfully identified as being derived from carbonic an- 



hydrase. Some of the unassigned signals may be chemical 
or peptide contaminants. The MS is programmed to auto- 
matically select each peak and subject the peptide to CID. 
The resulting CID spectra are then used to identify the 
protein by correlation with sequence databases. Therefore, 
this system allows us to concurrently apply a number of 
protein digests onto the device, to sequentially mobilize 
the samples, to automatically generate CID spectra of 
selected peptide ions and to search sequence databases 
for protein identification. These steps are performed auto- 
matically without the need for user input and proteins can 
be identified at very low femtomote level sensitivity at a 
rate of approximately one protein per 15 min. 

3.4 Assessment of 2-DE-MS proteome technology 

Using a combination of the analytical techniques de- 
scribed above we have identified the 80 protein spots 
indicated in Fig. 5. The protein pattern was generated by 
separating a total of 40 microgram of protein contained 
in a total cell lysate of the yeast strain YPH499 by high 
resolution 2-DE and silver staining of the separated pro- 
teins. To estimate how far this type of proteome analysis 
can penetrate towards the identification of low abun- 
dance proteins, we have calculated the codon bias of the 
genes encoding the respective proteins. Codon bias is a 
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Figure 4. MS spectrum of a tryptic digest 
of carbonic anhydrase using the microfa- 
bricated system shown in Fig. 3. 290 
fmol/uL of carbonic anhydrase tryptic 
digest was infused into a Finnigan LCQ 
ion trap MS. Each peak was selected for 
CID, and those which were identified as 
containing peptides derived from car- 
bonic anhydrase are numbered. Repro- 
duced from [451, with permission. 
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/•ijrurc 5. 2-DE separation of a lysate of yeast cells, with identified proteins highlighted. The first dimension of separation was an IPG from 
pll 3-10, and the second dimension was a I0%T SDS-PAGE gel. Proteins were visualized by silver staining. Further details of experimental 
procedures are included in S. P. Gygi et at. (submitted). 



calculated measure of the degree of redundancy of trip- 
let DNA codons used to produce each amino acid in a 
particular gene sequence. It has been shown to be a 
useful indicator of the level of the protein product of a 
particular gene sequence present in a cell [46]. The gen- 
eral rule which applies is that the higher the value of the 
codon bias calculated for a gene, the more abundant the 
protein product of that gene becomes. The calculated 
codon bias values corresponding to the proteins identi- 
fied in Fig. 5 are shown in Fig. 6b. Nearly all of the pro- 
teins identified (> 95%) have codon bias values of > 0.2, 
indicating they are highly abundant in cells. In contrast, 
codon bias values calculated for the entire yeast genome 
(Fig. 6a) show that the majority of proteins present in 
ihe proteome have a codon bias of < 0.2 and are thus of 
low abundance. 

This finding is of considerable importance in our assess- 
ment of the current status of proteome analysis technol- 
ogy. U is clear that even using highly sensitive analytical 
techniques, we are only able to visualize and identify the 



more abundant proteins. Since many important regula- 
tory proteins are present only at low abundance, these 
would not be amenable to analysis using such tech- 
niques. This situation would be exacerbated in the anal- 
ysis of proteomes containing many more proteins than 
the approximately 6000 gene products present in yeast 
cells [16]. In the analysis of, for example, the proteome 
of any human cells, there are potentially 50000—100000 
gene products [47]. Inherent limitations on the amount 
of protein that can be loaded on 2-DE, and the number 
of components that can be resolved, indicate that only 
the most highly abundant fraction of the many gene 
products could be successfully analyzed. One approach 
that has been employed to circumvent these limitations 
is the use of very narrow range immobilized pH gradient 
strips for the first-dimension separation of 2-DE [48]. 
Since only those proteins which focus within the narrow 
range will enter the second dimension of separation, a 
much higher Sample loading within the desired range is 
possible. This, in turn, can lead to the visualization and 
identification of less abundant proteins. 
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Figure 6. Calculated codon bias values for yeast proteins. (A) Distribu- 
tion of calculated values for the entire yeast proteome. (B) Distribu- 
tion of calculated values for the subset of 80 identified proteins also 
shown in Figs. I and 5. Further details of experimental procedures are 
included in S. P. Gygi et at. (submitted). 



4 Utility of proteome analysis for biological 
research 

For the success of proteomics as a mainstream approach 
to the analysis of biological systems it is essential to 
define how proteome analysis and biological, research 
projects intersect. Without a clear plan for the implemen- 
tation of proteome-type approaches into biological re- 
search projects the full impact of the technology can not 
be realized. The literature indicates that proteome anal- 
ysis is used both as a database/data archive, and as a bio- 
logical assay or biological research tool. 

4.1 The proteome as a database 

The use of proteomics as a database or data archive 
essentially entails an attempt to identify all the proteins 
in a cell or species and to annotate each protein with the 
known biological information that is relevant for each 
protein, The level of annotation can, of course, be exten- 
sive. The most common implementation of this idea is 
the separation of proteins by high resolution 2-DE, the 
identification of each detected protein spot and the 
annotation of the protein spots in a 2-DE gel database 
format. This approach is complicated by the fact that it is 
difficult to precisely define a proteome and to decide 
which proteome should be represented in the database. 
In contrast to the genome of a species, which is essen- 
tially static, the proteome is highly dynamic. Processes 
such as differentiation, cell activation and disease can all 
significantly change the proteome of a species. This is 
illustrated in Fig. 7. The figure shows two high-resolu- 
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tion 2-DE maps of proteins isolated from rat serum. 
Fig. 7 A is from the serum of normal rats, while Fig. 7B 
is from the serum of rats in acute-phase serum after 
prior treatment with an inflammation-causing agent [49]. 
It is obvious that the. protein patterns are significantly 
different in several areas, raising the question of exactly 
which proteome is being described. 

Therefore, a comprehensive proteome database of a spe- 
cies or cell type needs to contain all of the parameters 
which describe the state and the type of the cells from 
which the proteins were extracted as well as the software 
tools to search the database with queries which reflect 
the dynamics of biological systems. A comprehensive 
proteome database should be capable of quantitatively 
describing the fate of each protein if specific systems 
and pathways are activated in the cell. Specifically, the 
quantity, the degree of modification, the subcellular loca- 
tion and the nature of molecules specifically interacting 
with a protein as well as the rate of change of these 
variables should be described. Using these admittedly 
stringent criteria, there is currently no comlete proteome 
database. A number of such databases are, however, in 
the process of being constructed. The most advanced 
among them, in our opinion, are the yeast protein data- 
base YPD [50] (accessible at http://www.ypd.com) and 
the human 2D-PAGE databases of the Danish Centre 
for Human Genome Research [12] (accessible at http:// 
biobase.dk/cgi-bin/celis). While neither can be con- 
sidered complete as not all of the potential gene pro- 
ducts are identified, both contain extensive annotation 
of supplemental information for many of the spots 
which are positively identified in reference samples. 



4.2 The proteome as a biological assay 

The use of proteome analysis as a biological assay or 
research toot represents an alternative approach to inte- 
grating biology with proteomics. To investigate the state 
of a system, samples are subjected to a specific proceess 
that allows the quantitative or qualitative measurement 
of some of the variables which describe the system. In 
typical biochemical assays one variable (e.g., enzyme 
activity) of a single component (e.g., a particular en- 
zyme) is measured. Using proteomics as an assay, mul- 
tiple variables (e.g., expression level, rate of synthesis, 
phosphorylation state, etc.) are measured concurrently 
on many (ideally all) of the proteins in a sample. The 
use of proteomics as an assay is a less far-reaching prop- 
osition than the construction of a comprehensive pro- 
teome database. It does, however, represent a pragmatic 
approach which can be adapted to investigate specific 
systems and pathways, as long as the interpretation of 
the results takes into account that with current technol- 
ogy not all of the variables which describe the system 
can be observed (see Section 3.4). 

A common implementation of proteome analysis as a 
biological assay is when a 2-DE protein pattern gener^ 
ated from the analysis of an experimental sample is 
compared to an array of reference patterns representing 
different states of the system under investigation. The 
state of the experimental system at the time the sample 
was generated is therefore determined by the quantita 
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live comparative analysis of hundreds to a few thousand 
proteins. Comparative analysis of the 2-DE patterns fur- 
thermore highlights quantitative and qualitative differ- 
ences in the protein profiles which correlate with the 
state of the system. For this type of analysis it is not 
essential that all the proteins are identified or even visu- 
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alized, although the results become more informative as 
more proteins are compared. It is obvious, however, that 
the possibility to identify any protein deemed character- 
istic for a particular state dramatically enhances this 
approach by opening up new avenues for experimenta- 
tion. 




Figure 7. High resolution 2-DE map of proteins isolated from rat serum with or without prior exposure to an inflam- 
mation-causing agent. (A) normal rat serum, (B) acute-phase serum from rats which had previously been exposed to 
an inflammation-causing agent. The first dimension of separation is an IPG from pH 4-10, and the second dimen- 
sion is a 7.5— 1 7.5%T gradient SDS-PAGE gel. Proteins were visualized by staining with amido black. Further details 
of experimental procedures are included in (U, 491. 
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Proteome analysis as a biological assay has been success- 
fully used in the field of toxicology, to characterize 
disease states or to study differential activation of cells. 
The approach is limited, of course, by the fact that only 
the visible protein spots are included in the assay, and it 
is well known that a substantial but far from complete 
fraction of cellular proteins are detected if a total cell 
lysate is separated by 2-DE. Proteins may not be 
detected in 2-DE gels because they are not abundant 
enough to be visualized by the detection method used, 
because they do not migrate within the boundaries (size, 
p/) resolved by the gel, because they are not soluble 
under the conditions used, or for other reasons. . 

A different way to use proteome analysis as a biological 
assay to define the state of a biological system is to take 
advantage of the wealth of information contained in 
2-DE protein patterns. 2-DE is referred to as two-dimen- 
sional because of the electrophoretic mobility and the 
isoelectric points which define the position of each pro- 
tein in a 2-DE pattern. In addition to the two dimen- 
sions used to generate the protein patterns, a number of 
additional data dimensions are contained in the protein 
patterns. Some of these dimensions such as protein 
expression level, phosphorylation state, subcellular loca- 
tion, association with other proteins, rate of synthesis or 
degradation indicate the activity state of a protein or a 
biological system. Comparative analysis of 2-DE protein 
patterns representing different states is therefore ideally 
suited for the detection, identification and analysis of 
suitable markers. Once again it must be emphasized that 
in this type of experiment only a fraction of the cellular 
proteins is analyzed. Since many regulatory proteins are 
of low abundance, this limitation is a concern, particu- 
larly in cases in which regulatory pathways are being 
investigated. 

5 Concluding remarks 

In this report we have addressed three main issues 
related to proteome analysis. First, we have discussed 
the rationale for studying proteomes. Second, we have 
assessed the technical feasibility of analyzing proteomes 
and described current proteome technology, and third, 
we have analyzed the utility of proteome analysis for bio- 
logical research. It is apparent that proteome analysis is 
an essential tool in the analysis of biological systems. 
The multi-level control of protein synthesis and degrada- 
tion in cells means that only the direct analysis of 
mature protein products can reveal their correct identi- 
ties, their relevant state of modification and/or associa- 
tion and their amounts. Recently developed methods 
have enabled the identification of proteins at ever- 
increasing sensitivity levels and at a high level of auto- 
mation of the analytical processes. A number of tech- 
nical challenges, however, remain. While it is currently 
possible to identify essentially any protein spots that can 
be visualized by common staining methods, it is ap- 
parent that without prior enrichment only a relatively 
small and highly selected population of long-lived, 
highly expressed proteins is observed. There are many 
more proteins in a given cell which are not visualized by 
such methods. Frequently it is the low abundance pro- 
teins that execute key regulatory functions. 



We have outlined the two principal ways proteome anal- 
ysis is currently being used to intersect with biological 
research projects: the proteome as a database or data 
archive and proteome analysis as a biological assay. Both 
approaches have in common that at present they are con- 
ceptually and technically limited. Current proteome data- 
bases typically are limited to one cell type and one state 
of a cell and therefore do not account for the dynamics 
of biological systems. The use of proteome analysis as a 
biological assay can provide a wealth of information, but 
it is limited to the proteins detected and is therefore not 
truly proteome-wide. These limitations in proteomics are 
to a large extent a reflection of the fact that proteins in 
their fully processed form cannot easily be amplified and 
are therefore difficult to isolate in amounts sufficient for 
analysis or experimentation. The fact that to date no 
complete proteome has been described further attests to 
these difficulties. With continued rapid progress in pro- 
tein analysis technology, however, we anticipate that the 
goal of complete proteome analysis will eventually 
become attainable. 
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High-throughput technologies, such as proteomic screening and DNA micro-arrays, produce , vast 
aSounte o? data requiring comprehensive ana.yt.ca. methods to decipher the "ologlca ly relevam 
?«ute One approach we?W be to manually search the biomedical literature; howeveMhls would be 
an arduous task. We developed an automated lltefature-mlning tool, termed MedGene, wh.ch 
comprehensively summarizes and estimates the relative strengths, of all human gene-disease 
Snshlps in Medline. Using MedGene. we analyzed a novel micro-array expression dates* 
comirlng^east cancer and normal breast tissue in the context of existing knowledge. We found no 
correlation between the strength of the literature association and the magnitude of the difference In 
Session tevel when considering changes as high as 5-fol* however, a significant .correlation was 
observed (r = 0.41; p = 0.05) among genes showing an expression difference of Wold ori more. 
rntereSngly. this only held true for estrogen receptor (ER) positive tumors, not ER negative. MedGene 
jde^edVset of relatively understudied, yet highly expressed genes in ER negative tumors worthy of 
further examination. 

blolnfdrmatlcs • micro-array . text mining • gene-disease association • breast cancer 

databases have a limited scale and the genes are not selected 
in a systematic fashion. 

An alternative approach is automated text mining; a method 
which Involves automated information extraction by searching 
documents for text strings and analyzing their frequency and 
context This approach has been used successfully in several 
instances for biological applications. In most cases, it has been 
applied to extract information about the relationships or 
Interactions that proteins or genes have with one another, in 
the literature or by functional annotation. 1 " 7 Thus far, few, 
publication have applied text-mining to examine the global 
relationships between genes and diseases. Perez-Iratxeta et al. 
automatically examined the GO (Gene Ontology) annotation 
of genes and their predicted chromosomal locations in order 
to identify genes linked to inherited disorders. 1 

To obtain a more global understanding of disease develop- 
ment It would be valuable to incorporate information regarding 
all possible gene-disease relationships. Including biochemical, 
physiological, pharmacological, epidemiological, as well as 
genetic. This information would enable comprehensive com- 
parisons between large experimental datasets and existing 
knowledge in the literature. This would accomplish two things. 
First, it would serve to validate experiments by demonstrating 
that known responses occur as predicted. Second, it would 
rapidly highlight which genes are cofroborated by the literature 
and which genes are novel in a given context. We have utilized 
a computational approach to literature mining to produce a 

Journal of Proteome Research 2003, 1 405-412 405 

Published on Web 06/13/2003 



Introduction 

At its. current pace, the accumulation of biomedical literature 
outpaces the ability of most researchers and clinicians to stay 
abreast of their own immediate fields, let alone cover a broader 
range of topics. For example, to follow a single disease, eg., 
breast cancer, a researcher would have had to scan 130 different 
Journals and read 27 papers per day in 1999. 1 Tills problem is 
accentuated with Wgfr-throughput technologies such as DNA 
micro-arrays and proteomics. which require the analysis of 
large datasets involving thousands of genes, many of which are 
unfamiliar to a particular researcher. In any microarray experi- 
ment thousands of genes may demonstrate statisticalry sig- 
nificant expression changes, but only a fraction of these may 
be relevant to the study. The ability to interpret these datasets 
would be enhanced if they could be compared to a compre- 
hensive summary of what is known about all genes. Thus, there 
Is a need to summarize existing knowledge in a format that 
allows for the rapid analysis of associations between genes and 
diseases or other specific biological concepts. 

One solution to this problem Is to compile structured digital 
resources, such as the Breast Cancer Gene Database 1 and the 
Tumor Gene Database, 1 However, as these resources are hand- 
curated. the labor-intensive review process becomes a rate- 
limiting step in the growth of the database. As a result these 
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comprehensive set of gene-disease relationships. In addition, 
we have developed a novel approach to assess the strength of 
each association based on the frequency of citation and co- 
dtatioa We applied this tool to help Interpret the data from a 
large micro-array gene expression experiment comparing 
normal and cancerous breast tissue. 



Methods 



MedGene Database. MedGene Is a relational database, stor- 
ing disease and gene Information from NCBI, text mining re- 
sults statistical scores, and hyperlinks to the primary lit- 
erature. MedGene has a web-based user Interface to users to 
query the database (http://Wpseq.med 

Text Mining Algorithms. MeSH files were downloaded from 
the MeSH web site at NLM (Nation library of Medicine) (http// 
www.ram.nlh.gov/mesh/meshhome.htrnI) and humandl^se 
categories were selected. Locuslink files were downloaded from 
theUcKASrit web site e£ NCBI (http^/ww.ncblJilb.^„ 
LocusUnk/). Official/preferred gene symbol, official/preferred 
gene name, and gene alternative symbols and nanwss. all 
relevant annotations and URLs for each LocusUnk record, were 
collected. Gene search terms were used for literature searching 
and Included all qualified gene names, gene symbols, and gene 
family terms. Primary gene keys, predominantly qualified gene 
family terms and gene official/preferred symbols, were used 
to Index Medline records. If the official/preferred gene symbols 
did not meet the standards to be an Index, then qualified gene 
official/preferred names were used. A local copy of Medline 
records (up to Jury. 2002) was pre-selected. 

A JAVA module examined the MeSH terms and then Indexed 
each Medline record with the appropriate disease terms. A 
separate JAVA module was used to examine the tides and 
abstracts for gene search terms and then to Index the gene- 
related Medline records with the relevant primary gene keyfe). 

Statistical Methods. For every gene and disease pair, we 
counted records that were indexed for both gene and disease 
(double positive hits), for disease onry (disease single hits), for 
gene only (gene single hits), and for neither gene nor disease 
(double negative hits) to generate a 2 x 2 contingency taMe. 
On the basis of the contingency table-framework, we applied 
different statistical methods to estimate the strength of gene- 
disease relationships and evaluated the results. These methods 
Included chl-square analysis. Fisher's exact probabilities, rela- 
tive risk of gene, and relative risk of disease" (http:// 
Wpsw.med.harvard.eduA1edGene^. In addition, we computed 
thOnoduct of frequency", which Is the product of the 
proportion of disease/gene double hits to disease single hits 
and the proportion of disease/gene double hits to gene slngte 
hits To obtain a normal distribution, we transformed all the 
statistical scores using the natural logarithm. We selected the 
log of the product of frequency (LPF) to validate MedGene and 
to use for the analysis with the micro-array data. Spearman 
rank-correlation coefficients were used to assess the linear 
relationship between LPF and micro-array fold change in 
expression level. ' 

Global Analysis. Diseases with at least 50 related genes were 
selected for clustering analysis, and the LPF scores were 
normalized with total score for each disease. Hierarchical 
clustering was done with the "Cluster software and the 
clustering result was visualized using TreeViewer (http:// 
rana.lbl.gov/ElsenSoftware.htm). 

406 Journal of Pnrteome Research • Vol. 2. No. 4, 2003 



Huetal. 

Breast Tissue Micro-Arrays. Eighty-nine breast canter 
samples (79% ER-posltive) and 7 normal breast tissue samples 
were selected from the Harvard Breast SPORE frozen tissue 
repository and were representative of the spectrum of histo- 
logical types, grades, and hormone receptor Immuno-pheno- 
types of breast cancer. Blotinylated cRNA. generated from the 
total RNA extracted from the bulk tumor, was hybridized to 
Affymetrix U95A oligonucleotide micro-arrays. These micro- 
arrays consist of 12 400 probes, which represent approximately 
9000 genes. Raw expnessloxi values were obtained ustng'GENE- 
CHIP software from Aflymetrix, and then further analyzed using 
the DNA-Chip Anaiyzer (dChlp) custom software. 

Results 

Automated Indexing of Medline Records by Disease and 
Gene. To study the gene-disease associations In the literature, 
we first compiled complete lists for human diseases and human 
genes To Index all Medline records that were relevant to 
human diseases, the Medical Subject Heading (MeSH) index 
of Medline records was utiUzed. MeSH is a controlled medleei 
vocabulary from the National Library of Medicine and consists 
of a set of terms or subject headings that are arranged In both 
an alphabetic and an hierarchical structure. Medline records 
are reviewed manually and MeSH terms are added to each with 
software assistance.* 10 Twenty-three human disease category 
headings along with all of their child terms (see the Supporting 
information. Supplemental Table 1, or visit http://hlpseq. 
med.haivard.edu^edGene/publlcation/sjrable l.html) were 
selected from the 2002 MeSH Index creating a list of 4033 
human diseases. 

No Index comparable to the MeSH Index exists for genes, 
and thus. It was necessary to apply a string search algorithm 
for gene names or symbols found In Medline text A complete 
list of genes, gene names, gene symbols, and frequently used 
synonyms were collected from the LocusUnk database at 
NCBI, 1111 which contains 53 259 Independent records keyed 
by an official gene symbol or name Oune 18* 2002). For the 
purposes of this study, no distinction was made between genes 
and their gene products. Authors often use the same name for 
both, differentiating the two only by the use of Italics, if at all. 
For the Intended use of this study, this lack of distinction Is 
unlikely to have a large effect and may In fact be beneficial. 

Initial attempts to search the literature using these lists 
revealed several sources of false positives and false negatives 
(Table I). False positives primarily arose when the searched 
term had other meanings, whereas false negatives arose from 
syntax discrepancies necessitating the development of filters 
to reduce these errors. The syntax issues were readily handled 
by including alternate syntax forms in the search terms. The 
false positive cases, caused by duplicative and unrelated 
meanings for the terms, were more difficult to manage. Where 
possible, case sensitive string mapping reduced Inappropriate 
citations, in many cases, however, this was not sufficient and 
the terms had to be eliminated entirely, thereby reducing the 
false positive rate but unavoidably under-representing some 
genes. 

For the purposes of data tracking, a primary gene key was 
selected to represent all synonyms that correspond to each 
gene. Medline records were indexed with a primary gene key 
when any synonym for that key was found in the title or 
abstract. Case-insensitive string mapping was used for all 
searches except as noted above. No additional weight was 
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Table 1. Systematic Sources of False Positives and False Negatives In Unflltered Data' 



source of error 

gene symbol/name 
Is not unique 

gene symbol is 

unrelated abbreviation 

gene symbol/name 

has language meaning 
nonstandard syntax 
unofficial gene name/symbol 
nonspedAed gene name 



error type 
false positive 

false positive 



false positive 

false negative 
false negative 
false negative 



example 

AfAG-tnyelin 

associated glycoprotein 
MAG-nudlgnancy-assodated 

protein 

i>v4— pallid homologue (mouse). 

pallidin (also abbrev. for Pennsylvania) 
IW^VVlskott-Aldrich Syndrome 

(also the word "was") 
BAG-1 instead of BAC1 
P53 instead of 1P53 
estrogen receptor instead of 
Estrogen receptor 1 
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filter solution 
eliminate this term - 

eliminate this term 
ca^-serislttve string search 

add dash term 
add all gene nicknames 
add family stem term 



. ,„ studies. MedUne was searched for ^^Tl^Xt^^ «£3 £ 

^^^^^^^^^^Z^^^^^-^^ In sonie cases, the mtersoanmn Use. induces 
e^T^e^'Se^^^^^^ the expense of spectnaty if needed. 

-iided for multiple otxsmences ofaterm or the co-occurrence 
of multiple synonyms for the same gene key. 

Mediae records were searched with all qualified gene 
identifiers, such as the official/preferred gene symbol, die 
official/preferred gene name, all gene ideknames and aU syntax 
variants. In situations where there are several members of a 
gene family or splice variants, some authors prefer to use a 
shortened gene family name. e.g.. estrogen receptor toujteadof 
estrogen receptor 1 (ESRI). creating a source of false negatives 
For to reason, gene family stem terms were created for aM 
senes that have an alpha or numerical suffix (e.g., U2RA TGip. 
ESRi etc.) and then used to search the literature. The family 
stem terms were handled separately from the specific gene 
names so that It would be clear when linkages were made to 
the gene family versus a specific member in that family. 

To improve performance and accuracy, some P«^^°" 
was applied to the records that were scanned. First, review 
articles were eliminated to avoid redundant treatment of 
citations. Second. non-Er^lsh Journals were removed tecause 
the natural language filters were only relevant to English 
publications. Finally, journals unlikely to contain primary data 
about gene-disease relationships were also removed (e.g.. Inf. 
/ HeaMEduc Bedside Nurse, and / Health Bcon). Together. 
4eU filters reduced the 12 198 221 MedUne publications (Jury 

2002) by 37%. ^. a i_ 

Ranking the Relative Strengths of Gene-Disease Associa- 
tions. In total, there were 618 708 gene-disease co-citations. 
In which 16% (8297) of all studied genes had been associated 
to a disease and 96% (3875) of all diseases had been associated 
to at least one gene. To rank the relative strengths of gene 
disease relationships, we tested several different statistical 
methods and examined the results. With the exception of the 
relative risk estimates, the methods provided similar results 
with respect to the rank order of the gene-disease association 
strengths. However, after comparing the results to other 
databases and after consulting disease experts, the log of the 
product of frequency (LPF) was selected for further analysis 
because It gave the best results overall. 

Validation of MedGene. In developing this tool, it was 
important to minimize the number of missed genes (false 
negatives) and miscalled genes (false positives). However. In 
situations when these goals were in conflict. Incluslveness was 
Drioritized. To determine the false negative rate in MedGene. 
breast cancer was used as a test case because it was associated 
with more genes than any other human disease and because 




Figure 1. estimation of the false negative rate by comparison 
with hand-curated databases. The breast cancer-related genes 
Identified by MedGene were compared with those listed In 
several other databases Including the Tumor Gene Database 
(TGD). 1 the Breast Cancer Gene DatabasetBCG). 1 GeneCards 
(GC)"'and Swlssprot.'* Genes were considered false negatives 
if they were represented In at least one of these other databases 
and not In MedGene and their link to breast cancer was sup- 
ported by at least one literature reference. All literature references 
were verified by manual review to confirm their validity. The 
number of genes In each database or shared by more than one 
database Is Indicated. The false negative rate was calculated by 
genes missed at MedGene (26)/total number of nonoverlapping 
genes in other databases (285). 

there were several public databases that link genes to breast 
cancer. We compared the list or breast cancer-related genes 
from MedGene to these databases, illustrated in Figure 1. 
Among the 285 distinct breast cancer-related genes that were 
supported by at least one literature citation in these hand- 
curated databases. 26 were absent from MedGene. suggesting 
a false negative rate of approximately 9%. To determine why 
these were missed, all literature references for these genes (80 
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papers) were reviewed manually (see the Supporting Inform* 
tto£ Supplemental Table 2. or visit http://hipseq.med. 
harvardedu> r MedGene/pubUcation/s.Table 2.htntf). Among 
these papers, most false negatives were caused by nonstandard 
gene terms or gene terms eliminated by our specificity filters. 
Few genes were missed because they were only mentioned in 
review papers (0.4%) or they appeared only in the body of the 
manuscript but not the abstract or tide (1.1%). Of note. 
MedGene identified approximately 2000„additimiaLbreast 
cancer-related genes not listed in any other database. 

To assess the false positive error rate, two complementary 
approaches were used: a detailed analysis of one disease and 
a global examination of 1000 diseases. The detailed approach 
examined the false positive error rate and Its sources, whereas 
the global approach tested whether the overall results made 
biomedical sense. 

Using the LPF, 1467 genes related to prostate cancer were 
assembled in rank order. We then retrieved approximately 300 
Medline records each for the highest ranked 1 00 and the lowest 
ranked J00 genes and manually * e 
abstracts to determine the verity of the association. Nearly 80% 
of the highest ranked 100 genes fell into one of the five 
categories that reflect meaningful gene-disease relationships 
(see the Supporting Information. Supplemental Table 3. or visit 
http//hlpseq.med.harvard.edu/MedGene/publlcation/ 

s Table 3Jitml). Among the lowest ranked 200 genes, ap- 
proximately 70% reflected true relationships. Of the 600 records 
reviewed, there were only two in which the association between 
the gene and the disease was described as negative. Both were 
genes with very low scores. In both cases, the authors did not 
argue the absence of any relationship, but rather that a 
particular feature of the gene or protein was not shown to be 
related to human prostate cancer. 1 *-" 

The coincidence of some gene symbols with medical ab- 
breviations, chemical abbreviations and biological abbrevia- 
tions resulted in most of the false positives (see the Supporting 
Information. Supplemental Table 4, or visit http://hlpse- 
q medrar^.eduA1edGene/pubHcation/s.TabIe 4.html), em- 
phasizing the importance of the filters that were added in the 
search algorithm (Table 1). Without the filters, the false positive 
rate more than doubled, and the false negative rate rose 
dramatically (data not shown). For example, among the papers 
about breast cancer, there were only 12 Medline records that 
referred to ESR1 and 10 to ESR2, whereas almost 2000 papers 
mentioned estrogen receptor without specifying ESR1 or 
this latter group was detected by the family stem term filter. 

To further validate these results, a global analysis of the gene- 
disease relationships described by MedGene was performed. 
For this experiment, it was reasoned that the more closely 
related the diseases are to one another, the more they will be 
related to the same gene sets. Thus, if the relationships defined 
by MedGene accurately reflected the literature, then an unsu- 
pervised hierarchical clustering of the gene data should group 
diseases in a manner consistent with common medical think- 
ing Conversely. If the clustered diseases do not make sense 
biologically or medically, it may reflect excessive false positives, 
false negatives, or Inappropriate scoring of the data. 

To execute this experiment, the gene sets and the corre- 
sponding LPF values for 1000 randomly selected diseases (each 
with at least 50 gene relationships) were used as a dataset for 
clustering the diseases. A review of the results showed that the 
resulting disease clusters were indeed logical based upon 
common medical knowledge (see the Supporting Information. 
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Supplemental Figure 1, or visit httpy/hipseq.med.harvard.edu/ 
MedGene/pubUcation/s.Flgure l.html). For example, In one 
such cluster shown in Figure 2. diabetes and its complications 
grouped together and were also closely linked to diseases 
associated with starvation states. 

The number of genes associated with a given disease can 
be estimated by adjusting the MedGene number up by thetalse 
negative rate (-9%) and down by the false positive rate (-26% 
on a ve !!?8 e )- Using this, the average disease has 103.7 ± 45.3 
(mean ± s7d.) genes associated witint, : although the range Is 
quite broad with 2359 genes related to breast cancer. 2122 
genes related to lung cancer and no genes related to a number 
of dlsftflS^s 

Applying MedGene to the Analysis of Large Datasets. Access 
to a comprehensive summary of the genes linked to human 
diseases provided an opportunity to analyze data obtained from 
a high-throughput experiment We compared the MedGene 
breast cancer gene list to a gene expression data set generated 
from a micro-array analysis comparing breast cancer and 
normal breast tissue samples. Micro^array analysis Identified 
2286 genes that had grcsssr than a 1-fold difference in mean 
expression level between breast cancer samples and normal 
breast samples. Using MedGene. we sorted the 2286 genes Into 
four classes: 555 genes directly linked to breast cancer In the 
literature by gene term search (first-degree association by gene 
name): 328 genes directly linked by family term search (first- 
degree association by family term); 1021 genes linked to breast 
cancer only through other breast cancer genes (second-degree 
association): and 505 genes not previously associated with 
breast cancer. (See the Supporting Information. Supplemental 
Figure 2. or visit http://hipseq.med.harvard.edu/MedGene/ 
pubUcation/sJ^gure 2.html.) Among the 505 previously un- 
related genes. 467 were either newly identified genes or genes 
that had not previously been associated with any disease. 
Among the remaining 38 genes. 9 had been related to other 
cancers, specifically esophageal, coloa uterine, skin, and cervix. 

To determine whether the genes highlighted by the micro- 
array analysis were more likely to have been previously linked 
to breast cancer in the literature, we created a two-dlmentfonal 
plot of the fold change or expression level between breast 
cancer and normal tissue versus the literature score (LPF) 
(Figure 3A). There was a broad spread of expression changes 
among the genes directly linked to breast cancer ranging from 
less than 1-fold change (68%) to over 4<ttold (0.3%). Notably, 
the majority of genes with greater than 10-fold expression 
changes were linked to breast cancer by first-degree associa- 
tion. 

Among all 754 genes directly linked to breast cancer in the 
literature, there was no correlation between LPF and micro- 
array fold change (r= 0.018. p-value » 0.62). However, when 
we stratified the analysis based on the magnitude of the fold 
change, we observed an Increasing trend in correlation (Figure 
3B) suggesting that genes with a more substantial change in 
expression level were more likely to have a stronger association 
in the literature. For genes that had 10-fold change or more in 
expression level, the correlation Increased to 0.41 (p-value = 
0.05). 

When we evaluated the micro-array data separately for ER 
positive and ER negative tumors, the trend in correlation 
between fold change and literature score was highly dependent 
on estrogen receptor status. Interestingly, there was a similar 
trend in correlation for ER positive tumors, but no trend in 
correlation for ER negative tumors. 
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Coxsackievirus Infections 
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Pregnancy in Diabetics 
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Jaundice , Neonatal 
Brain Edema 
Pulmonary Edema 
Nutrition Disorders 
Kwashiorkor 
Critical Illness 
Burns 

Diabetic Nephropathies 

Albuminuria 

Insulinoma 



harvard.edu/MedGene/publicatlon/s.Flgure 1.html). 



Finally, to validate our findings, we computed similar cor- 
relations between the breast cancer expression data and 
LPF scores generated by MedGene for hypertension, a 



disease unrelated to breast cancer. As expected, we did not 
observe an increasing trend in correlation for hyperten- 
sion. 
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of expression level between tumor and normal (pink). Correlations were also computed between 

estrogen receptor negative tumors only (purple). 
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breast neoplasms 

estrogen receptor 

PGR 

ERBB2 

BRCA1 

BRCA2 

EGFR 

CYP19- 

7FF1 

PSEN2 

TP53 

CES3 
CEACAM5 

ERBB3 
cycUn 
COX5A 
cathepsin 

ERBB4 

772AM 

CCND! 

EGF 

MUC1 

insulin-tike 
BCL2 

mucin 
FGF3 



hypertension 

REN 
DBP 
LEP 
ACT 
INS 

kalllkrein 

ACB- .„ 

endotheiln 

S100A6 

BDK 

DIANPH 
SARI 

pm 

CD59 
ALB 

CYPUB2 
MATZB 
angiotensin 
receptor 

AGTR2 

NPPA 

LVM 

DBH 
NPY 

POMC 
neuropeptide 



rheumatoid arthritis 
RA 

TNFRSF1QA 

CRP 

AS 

ESRl 

HLA-DRBl 
DRl 

interleukirr 

TNF 

KB 

collagen 
ILIA 

ACR 

TNFRSF12 
TL2 

CHI3L1 
ILB 

InterleuWn 1 
matrix 

metalloprotelnase 

interferon 

CD68 

IL4 

IL17 

MMP3 
SIL 



bipolar disorder 

ERDAl 
SNAP29 

PFKL 

DRD2 

TRH 

IMPA2 

HTR3A 

DRD3- — 

REM 

KCNN3 

DRD4 
HTR2C 

RELN 

DBH 

MAOA 

com 

HTR2A 

SYNJl 

INPPl 

NEDD4L 

FRA13C 

transducer of 

ERBB2 

BAIAP3 

ATP1B3 
DRD5 



a 

apollpoproteln 
APOE 
LDLR 
ELN 
ARGI 
APOB 
APOAI 

MSR1 

LPL 
PONI 

plasminogen 
activator inhibitor 
PLC 

vascular cell 

adhesion molecule 

ATOM 

VWF 

INS 

ARG2 

ABCA1 

OLRI 
collagen 
M CP 

lipoprotein 
APOA2 
intercellular 
adhesion molecule 
RAB27A 
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Discussion 

The Human Genome Project heralded a new era In biological 
research where the emphasis on understanding specific path- 
ways has expanded to global studies of genomic organization 
aTw2olM systernt. High-throughput technologies can 
provide nTve. Insight into comprehensive bio.^cal function 
but also Introduces new challenges. The utility of these 
technologies Is limited to the ability to generate, analyze and 
merpreTlarge gene lists. MedCene, a relational database 
dSbymfnIn'g the information In Medline, w-a-Jd* 
address this need. MedGene users can query for a rank-oraerea 
£t oTnuman gene-disease relationships (Table 2)for one or 
more cSeases-lLch entry Is hyperllnked to the origlna papers 
™rting each association and to other relevant databases. 

MedGene Is an Innovative extension of previous textminlng 
aooroaches. Perez-Iratxeta et aL used the GO annotation and 
their chromosomal locations to predict genes that may con- 
fute to inherited disorders* MedGene takes a broader view 
and Includes all diseases and all possible gene-disease retation- 
^TFurthermore. MedGene utilizes ^onto Indlcatea 
relationship rather than GO annotation, which Is limited to the 
subset of genes that have GO annotation^ Our approach is 
complementary to that taken by Chaussabel andSher. who 
used the frequency of co-cited terms to cluster genes into a 
hierarchy of gene-gene relationships. 

A unique aspect of this tool is the ability to assess the relative 
strengths or geYuT-dlsease relationships based on the frequency 
of bXco-cltatlon and single citation. This presupposes that 
most co-citations describe a positive association, often referred 
to as publication bias" and is supported by our observations 



that negative associations are rare (Supplemental Table 3: 
http7/hlrJseq.medJ»rvard.edu/MedGene/publlcatIori/s_Ta- 

ble Ihtml). Of course, relationships established by frequency 
of co-dtatlon do not necessarily represent a true biological link: 
however, It Is strong evidence to support a true relationship. 

Another important feature of MedGene Is the Implementa- 
tion of software filters that substantially reduced the error rate. 
We estimate that less than 10% of all associations were missed 
and at least 70% of even the weakest associations were real. 
For this study, all of the niters that we applied were general 
ones. e.g.. expanding the list of all gene names to address the 
different syntax forms used by different Journals, eliminating 
K ene names that correspond to common English words, etc 
The majority of the remaining search term ambiguities were 
idiosyncratic and difficult to Identify systematically without 
causing a significant rise In false negatives. Alternative ap- 
proaches, such as the examination of the nearest neighbor 
terms, need to be considered to further reduce the false positive 

rate- , 

It is not uncommon to see expression changes In micro- 
array experiments as small as 2-fold reported In the literature. 
Even when these expression changes are statistically significant. 
It Is not always clear if they are biologically meaningful. When 
comparing expression levels of disease to normal tissue, one 
expects an enrichment of known disease-related genes to 
appear In the altered expression group. MedGene provided a 
unique opportunity to test this notion In the context of existing 
knowledge on a novel breast cancer micro-array dataset. For 
eehes displaying a 5-fold change or less In tumors compared 
to normal, there was no evidence of a correlation between 
altered gene expression and a known role In the disease. This 
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Table 3. Genes with Large Expression Changes In ER- but 
Not hi ER+ Breast Tumors 




KRTHB1 
BRS3 
DKK1 
ZJC1 

URl 

KIAA0680 

CDKN3 

EBB 

GZMB 

STK18 

GPR49 

mow 

LAD1 
P0LE2 
HMG4 
BCL2L1S 
LRP8 
CCNB2 
CCNE2 
FOB 
KNSL6 
H1F5 
SERPJNH2 
YAP1 
LPHB 
TCEA2 
TFF1 
COL17A1 
.POPS 
BPAG1 
PDZK1 
VEGFC 
K4UC6 
SERPINA5 
MEIS1 
CA12 



1.0 
1.2 
1.2 
1.9 
1.0 
2.6 
1.0 
4.0 
3.8 
4.7 
1.0 
1.6 
-1.0 
4.2 
4.4 
-1.2 
2.9 
1.0 
4.0 
-4.3 
2.9 
3.0 
4.6 
1.0 
-1.3 
-1.1 
1.3 
-4.1 
1.1 
-4.6 
-1.1 
-2.8 
-1.4 
-1.0 
-1.6 
2.4 



610.8 
89.4 
69.8 
59.6 
38.5 
33.2 
30.6 
27.9 
21.9 
18.6 
14.6 
14.4 
13.5 
13.0 
12.9 
12.3 
12.2 
11.8 
11.6 
11.1 
10.9 
102 
102 
10.0 
-10.4 
-10.8 
-11.4 
-15.7 
-16.2 
-22.3 
-36.8 
-51.5 
-64.9 
-83.1 
-85.9 
-150.3 



T.hteS MedGene Identified a set of relatively understudied, yet WgWy 

thSTget^ have either never been routed with breast cancer or nave a 
weak association except those marked with an *. 

c 

reflects the marry genes whose role In breast cancer may not 
Involve large changes in expression in sporadic tumors (e.g.. 
BRCA1 and BRCA2I and genes whose modest changes in 
expression may be unrelated to the disease. Strikingly, among 
K enes with a 10-fold change or more in expression level, there 
was a strong and significant correlation between expression 
level and a published role in the disease, providing the first 
global validation of the micro-array approach to identifying 
disease-specific genes. 

The results derived from MedGene have two implications. 
First a careful hunt for corroborating evidence of a role In 
breast cancer should precede any further study of genes with 
less than 5-fold expression level changes. Second, any genes 
with 10-fold changes or more are likely to be related to breast 
cancer and warrant attention. It is likely that this threshold will 
change depending on the disease as well as the experiment 

Interestingly, the observed correlation was only found among 
ER-posltive tumors, not ER-negative. This may reflect a bias 
in the literature to study the more prevalent type of tumor In 
the population. Furthermore, this emphasizes that caution 
must be taken when Interpreting experiments that may contain 
subpopulatlons that behave very differently. The MedGene 
approach Identified a set of relatively understudied, yet highly 
expressed genes in ER-negative tumors that are worthy of 
further examination CTable 3). 
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In conclusion, we have developed an automated method of 
summarizing and organizing the vast biomedical literature. To 
our knowledge, the resulting database is the most comprehen- 
sive and accurate of its kind. By generating a score that reflects 
the strength of the association, it provides an important tool 
for the rapid and flexible analysis of large datasets from various 
high-throughput screening experiments. Furthermore, it-can 
be used for selecting subsets of genes for functional studies, 
for building disease^spedfic arrays, for looking at genes com- 
mon to multiple diseases and various other high-throughput 
applications. In the future, It will be possible to enhance the 
utility of the MedGene database by building links between 
genes and other MeSH terms as well as other biological 
processes and concepts, such as cell division and responses to 
small molecules. 
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Although the mature neutrophil Is one of 
the better characterized mammalian cell 
types, the mechanisms of myeloid differ- 
entiation are Incompletely understood at 
the molecular level. A mouse promyelo- 
cyte cell line (MPRO), derived from mu- 
rine bone marrow celts and arrested devel- 
opmentally by a dominant-negative 
rettnole acid receptor, morphologically 
differentiates to mature neutrophils in the 
presence of 10 |iM retlnoic acid. An exten- 



sive catalog was prepared of the gene 
expression changes that occur during 
morphologic maturation. To do this, 3'- 
end differential display, oligonucleotide 
chip array hybridization, and 2-dimen- 
slonat protein electrophoresis were used. 
A large number of genes whose mRNA 
levels are modulated during differentia- 
tion of MPRO cells were Identified. The 
results suggest the Involvement of sev- 
eral transcription regulatory factors not 



Introduction 



previously Implicated In this process, but 
they also emphasize the importance of 
events other than the production of new 
transcription factors. Furthermore, gene 
expression patterns were compared at 
the level of mRNA and protein, and the 
correlation between 2 parameters was 
studied. (Blood. 2001;98:513-524) 



C 2001 by The American Society of Hematology 




Studies of uormal myeloid maturation from many laboratories have 
identified genes that may play critical roles in myeloid differentia- 
tion. M Current studies suggest that these events are dependent on a 
cascade of molecular changes that involve compline modulation of 
mRNA transcription. Furthermore, studies of acute leukemia have 
suggested that die disease arises from the accumulation of myeloid 
precursors arrested at early stages of differentiation and associated, 
in many cases, with chromosomal rearrangements that alter the 
structure oi'specific transcription (actors. 5 Nevertheless, the molecu- 
lar events underlying the production of mature myeloid cells arc 
not welt understood and appear to use interacting pathways and 
networks, the elucidation of which requires an extensive descrip- 
tion of the molecular components available to the myeloid cell. 

An extensive body of information is accumulating widi respect 
to gene expression profiles of mammalian cells. However, much of 
the information available in public databases has .been accumulated 
by the use of techniques such as single oligonucleotide chips or 
cDNA arrays that measure fewer than 6000 of potentially 30 000 to 
1 20 000 transcripts. The more limited range of analyses reported by 
the serial analysis of gene expression (SAGE) 6 * 7 technique accu- 
rately estimates changes in levels of the more abundant mRNAs but 
requires extensive redundant analyses to measure changes in the 
patterns of expression of scarce mRNAs, We have used a modified 
polymerase chain reaction (PCR)-bai;ed cDNA differential display 
(DD) method in which single restriction fragments derived from 
the 3' end of cDNAs are separated on a sequencing gel.** 9 Bands 
from the gel can be identified initially by sequencing, but then 



comparison of patterns from different samples can be made without 
further sequencing. This sensitive and reproducible method detects, 
in principle, most cDNAs regardless of whether they arc repre- 
sented in existing databases. 

Systematic analysis of the function of genes can also be 
performed at the protein level. This approach has the advantage of 
being closest to function, because proteins perform most of the 
reactions necessary for the cell. The most common method of 
protcome analysis is the combination of 2-dimensional gel electro- 
phoresis (2DE) to separate and visualize protein and mass spectrom- 
etry (MS) for protein identification. 10 SeveraJ such analyses of 
yeast and of normal or malignant mammalian cells have been 
performed. To date, however, there have been few studies in which 
both mRNA and protein have been compared by applying analyses 
to die same samples. The studies of Anderson 11 and Gygi" showed 
that there is not a good correlation between mRNA and protein 
levels, in yeast or human liver ceils. However, other analyses 
disagree with this conclusion (Grcenbaum el al, manuscript 
submitted, and Futcher et al"). Furthermore, global correlations 
between changes in mRNA and protein levels have not been 
examined during the execution of any developmental program. 

The MPRO cell line was derived by transduction of a dominant- 
negative retinoic acid receptor construct into normal mouse bone 
marrow cells. It is a granulocyte-macrophage colony-stimulating 
factor (GM-CSF)-dependent line arrested at a promyelocyte stage 
of development 15 ^ 16 After treatment with all-frwu retinoic acid 
(ATRA) most of the cells acquire the morphology of mature 
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neutrophils and begin lo produce neutrophil lactoferrin and gelati- 
nase, 2 proteins characteristic of neutrophil secondary granules. 17 
As such, it offers n valuable model for studying neutrophil 
differentiation in vitro. 

We now report the analysis of mRNA expression changes 
during the process of MPRO cell maturation to neutrophils and 
compare the results with a limited analysis of cellular protein 
composition. mRNA expression changes were studied by combin- 
ing the use of oligonucleotide arrays and DD. A database (dbMC) 
with comprehensive genomic information for myeloid differentia- 
tion program was constructed (accessible at http^/www.bioinfo.mbb. 
yale.edu/expression/neutrophil). We have grouped the changes in 
mRNA levels of a large number of genes into 6 patterns, with 
implications for the genetic program of myeloid differentiation. 

We also compared 2-dimensional high-resolution gel electro- 
phoretograms from control cells and cells differentiated for 72 
hours in the presence of ATRA. Fifty protein spots whose relative 
intensity changed prominently during differentiation were exam- 
ined by mass spectrometry. The results suggest a poor correlation 
between mRNA expression and protein abundance, indicating 
that it may be difficult to extrapolate directly from individual 
mRNA changes to corresponding ones in protein levels (as 
estimated from 2t)E). 



Materials and methods 

Cell lines 

MPRO cells and HM-5 cells provided by Dr Schickwann Isai (Fred 
Hutchinson Cancer Research Center, Seattle, WA) 1 5 were used throughout 
the study. The cells proliferated continuously us a GM-CSF-dependent celt 
lineat37 n Cin Tscoves modified Dulbecco medium (Gibco BRL, Grand 
Tsland, NY) supplemented with 5% to 10% fetal calf scrum (Gibco BRL) 
and 1 0% HM-5 -conditioned medium as a source of GM CSV. Morphologic 
differentiation of the blocked MPRO promyelocyte* was induced by 
treatment with 10 pM ATRA (Sigma, St Louis, MO). Controls were 
cultured in the absence of ATRA but with the same vohimc of ve- 
hicle (clhanol). 

RNA Isolation and differential display 

After exposure to 10 u,M ATRA for 0, 24, 48, or 72 hours, total cellular 
RNA was isolated from MPRO cells using TRIzol reagent (Life Technolo- 
gies, Gaiihersburg, MD). cDNA was then synthesized using a T-7 Sal-Oltgo 
d(T) 32 primer as described previously/ 1 H The double-stranded cDNA was 
digested with I of 9 different restriction enzymes {April, Bgftl, BamHl, 
Eagl t EcoRl, W/ndlU, Xbai, Kpn\, and SpM) and tigated to Y-shaped 
adaptors with a complementary overhang. DNA fragments wore then 
amplified by PCR as described previously.** 1 * PCR products were separated 
on a sequencing gel ol 6% polyacrylaniide with 7 M urea, 'llie gel was dried 
and exposed to x-ray film. Genes from differential display gels, whose 
maximum intensity chauges equaled 2+ on a scale of i + to B + % were 
recorded as significantly changed' 9 Individual DNA bands were recovered 
from the gels, amplified by PCR, end sequenced 

Oligonucleotide chip analysis of RNA samples 

Ten micrograms total RNA from each sample (0, 24, 48, or 72 hours) was 
used to prepare cDNA. This cDNA was transcribed with T7 RNA 
polymerase to prepare a fluorcsccnlly labeled probc. i(yi Each sample was 
hybridized to mouse array chip (MulIK Array; Aflymctm, Santa Clara. 
CA) containing oligonucleotide probe sets corresponding to approximately 
7000 known genes or ESTs represented by UniGcne clusters. 12 cDNAs 
were considered present if their probe set results were rated as such by the 
GeneChip software (Asymetrix) and if the average difference (AD) 
between perfect match and mismatch probe pairs was riot less 100 U, If a 



gene was represented by more than one array probe set, the average of all 
probe sets for the gene was taken. Genes with AD values between 100 and 
200 were considered unchanged because of their low expression levels. 
Those genes with AD value* equal to or more than 200 U at one time point 
were further studied by reseating, threshold, and normalization methods 
described in the MIT Center for Genome Research Web site. 1 1 A value of 20 
was assigned to any gene with an AD below 20 ut some time point. 

Biolnformatics and database development 

All the sequences or geue rragmeuts were searched using Blast against 
GenBank and TIGR gene indices. A database of genes or ESTs whose 
expression levels changed during myeloid differentiation was constructed 
containing information for each band or gene. This included GenBank 
matches. Locus Link or Unigcne clusters, expression patterns, tissue 
distributiou, synonym(s) protein name, gene name(s), notations of possible 
functions, poly A signal and sequence quality, and hyperlinks to the 
database searches, sequence trace files, and related references. All gene data 
were then gatharcd into a cluster file. Supplementary information is 
available at http:Atiotnfo.mbb.yale.edu/expTession/neutrophil. 

Classification and analysis of DNA fragments 

Sequences from differential display analyses were classified as representing 
known genes, ESTs, genomic sequences, ot novel genes as described. 
Known genes from both differential display and arrays were clustered into 
27 functional categories and searched against SWISS-PROT (http:// 
ww.expasy.cbr.nrcWcgi-bin/sproi-search-rul) or PIR (http://www.pir. 
gcorgctown.edu/). Information such as function, subcellular location, 
family and supcrfamily classification, map position, similarity, synonym's) 
protein name, gene name(s) t and so on was recorded in a variety 
of databases. 

Northern blot analysis 

Thirty micrograms total cellular RNA per lane from time-course MPRO 
cells were loaded onto 1.2% formaldehyde-agarose gels, then transf erred to 
Hybond-N+ membranes (Amersbam Pharmacia Biotech, Uppsala, Swe- 
den). Atler standard prchybridization, membranes were hybridized over- 
night at 65°C with radiolabeled cDNA probes (ordered from Research 
Genetics according to their dbEST Image ID). Membranes were washed at a 
final stringency of 60°C in 0. 1 x SSC. 

Immobilized pH gradient 2-dimenslonal gel electrophoresis 
and mass spectrometry 

mduced MPRO cells collected al 0 and 72 hours were lyscd with lysis 
buffer (540 mg urea, 20 mg diUiiothrcitol, 20 jjlL Pharmalytc [3- 1 0], 1 .4 mg 
phenyrmethylsulfonyl fluoride, I u,g each aprorinm, leupeptin, pepstatin A, 
and antipain 50 |ig TLCK, and 100 p.g TPCK/1 mL). We apphed 100 jjlL 
each MPRO cell tysate (2.5 X I0 s cells/100 u,L) to immobilized pH 
gradient (IPG) strips (pH 3-10 L; Amcrshara Pharmacia Biotech), and IPG 
electrophoresis was conducted for 16 hours (20 100 Vh) using an Imiuobi- 
linc Drystrip Kit (Amcrsham Pharmacia Biotech). Electrophoresis in the 
second dimension was curried out in a 12% sodium dodccyl sulfato- 
poryacrylarnide gel electrophoresis (SDS-PAGE) gel with the Laemroli- 
SDS continuous system in a Protean II xi 2-D cell (Bio-Rad) run at 40 mA 
constant current tor 4.5 hours. Proteins were detected by Brilliant Blue 
G-tiolloida) staining. 14 Protein spots were excised from the gel and digested 
with trypsin. ACTH clip (average [M+U] 2466.70) and bradykinin 
(average {M f H] 1 06 1 .23) were used for calibration uf peptide masses. One 
microliter sample digest was mixed with 1.0 u,L a-cyano-4 -hydroxy 
cinnamic acid (4.5 mg/mL in 50% CrT,CN. 0.05% TFA) matrix solution and 
I u.L calibrants (100 finol) each. The spectra of the pepades were acquired 
in refiector/dclayed extraction mode on a Voyager- DE STR mass spectrom- 
eter (Pcrseptivc Biosystems, Foster City, CA). Peptides were identified 
using the ProFound search engine. 19 
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Results 

Differentiation of M PRO cells 

Figure 1 illustrates the morphologic, changes in an MPRO cell 
population representative of those used for RNA expression 
analysis. Undifferentiated MPRO cells resembled promyelocytes 
under the light microscope (Figure 1 A). After induction with ATRA 
for 24 hours, the cells morphologically differentiated into metamy- 
elocytes (Figure IB). At 48 hours, the cells further developed 
into metamyelocytes and band neutrophils (Figure IC). At 72 
hours, nearly 100% of MPRO cells became mature neutrophils 
(Figure ID). 

Identification of mRNAs by differential display assay 

MPRO cellular mRNA was analyzed at 0, 24, 48, and 72 hours after 
ATRA treatment Nine restriction enzymes were used in a 3 '-end 
DD approach. During MPRO differentiation, 1109 figments 
corresponding to 837 transcripts were found to change substan- 
tially in expression levels (Figure 2). These represented approxi- 
mately 279 known genes, 112 ESTs, and 59 putative new genes, 
each with a perfect or fair polyadenylation signal al an appropriate 
distance from the oligo-dT priming site. The gene information 
detected by DD was collected in database dbMCd. 

Identification of mRNAs by oligonucleotide chip assay 

We used an oligonucleotide chip containing 13 179 probe sets 
corresponding to approximately 7000 murine genes to analyze 
patterns of mRNA expression m the same RNA samples used for 
DD. The information obtained by oligonucleotide arrays was 
collected in the database dbMCa. 

We clustered the genes by their similarity to idealized 
expression patterns. For instance, the expression pattern of an 
ideal gene that is ovcrexpressed (high) at time 0 and undercx- 
pressed (low) at 24, 48, and 72 hours, would be high-low-low- 
low (HLLL). Overall we have (2 4 -2) idealized patterns exclud- 
ing HHHH and LLLL. Pearson correlation was used as the 
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Figure 1. Morphology of MPRO cells during differentiation. MPRO cells were 
induce* as described in 'Materials and methods * concentrated by cytosptn, and 
Wright-Giemsa stained. (A) Uninduced MPRO cells. (D) MPRO cells induced with 
ATRAfcr 24 hours. (C) MPRO cel!s Induced wRh ATRA for 48 hours. (D) MPRO cells 
Induced with ATRA (or 72 hours. 




Figure 2. Distribution of genes obtained by DD assay. MPRO cell mRNA was 
analyzed at 0, 24. 4B. and 72 hours after ATRA treatment; 1109 fragments 
corresponding to M7 transcripts were found to change substantially In expression 
tovcis. The total 837 transcripts were classified into 6 categories according to the 
Woinformatic analysis. Percenta S es show the gene distributions In these 6 catego- 
ries. Information for each transcript was collected In database dbMCd. 



measure of similarity of each gene expression pattern, 
x - {x iy x 2) x if x 4 ) to each of the 14 idealized patterns 
>' = (y u v 2v v 3l y 4 ). The 4 entries of x and y corresponded to the 
4-dimensiorial gene expression levels at 0 f 24, 48, and 72 hours, 
respectively. Each gene was assigned to a cluster labeled by the* 
idealized pattern that had the maximal correlation with' that 
gene. We selected only genes that hybridized well compared 
with the background (considered "present" by GencChip soft- 
ware) and had maximal AD amplitude greater than 200 U in at 
least 1 of 'the 4 stages. Wc further tabulated the 14 patterns 
according to whether the gene expression changed at early 
(0-hour), intermediate (24- and 48-hour), and late (72-hour) 
time points and whether gene expression monotonically in- 
creased (up-regulated), mouotonically decreased (down-regu- 
lated), or was not monotonic (transient). Table I shows 8 
clusters of 104 genes that had significant changes of m RNA. 
levels, arranged according to the temporal stage and the 
monotonic/transient changes of expression levels. 

Principal component analysis determined whether wc could 
comprehensively present multidimensional data (4-dimcnsional in 
our case) in a simple 2-dimensional graph. First, we found the 4 
principal components, which were the axes of the most compact 
4-dimensional ellipsoid dial encompassed the 4-dimensional cloud 
of data. Each axis was a different linear combination of the original 
4 variables. Then we verified that the first 2 principal components 
(the first 2 largest axes of the ellipsoid) captured most (95.2%) of 
the variation of the data. Therefore, the data could be faithfully 
projected (with a minor loss of information) into a 2-dimensional 
graph, with the 2 largest principal components as the x- and y-axes. 
As shown in Figure 3 ( genes tend to coalesce in clusters, according 
to their labels determined by their similarity to an ideal expression 
pattern. In summary, a genomic' (global) picture of the distribution 
of genes according to their similarity to predetermined idealized 
multidimensional expression vrattems is concisely displayed in a 
2-dimensional graph. 
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Table 1. Genes differently regulated during the different stages of mouse promyelocyte cell line differentiatio n process 

Timing 



Category 
Up-regulation 

Down-regulation 



Earfy 

LHHM (n - 10) 
MadP2rx1 ttgb2 U1r2 Un2 tlprS 

Cebpb H2-D Etohi6 Zyx 
HLLL (n = 11) 

TcrgAH LyfM Ctsg 5pi?-1 Mcpt8 
Myc Myb Tlr4 Npm1 Erh Hsp60 



Middle 

LLHH (n * 6) 
Phal Cybb Pfc PiraS Cd53 IftxgrS 



Late 



HHLL (n 
Mpo 



1) 



Transient 



LLHL(n = 9) 

Sea ME? Pba6 Plrb Lstl Ltf Sema4d State Mmp9 
LHHL (n - 17) 

Ccbpa Lyze Fcgr3 Arf5 Lompl Stal3 Csf2ra Osl 
Actg Sfph Gpx3 Ptpre Prtn3 rrfl RpsSkal 
LtWrMytn 



LLLH (n » 13) 
Me Csflrli CfsfSIOOaS L-CCR CTss 

Aldol Rac2 Fpii Ctsd Ubb Ptmb4 
HHHL (n - 37) 

Actx 'rf2EL2 Rpl19 Actb Ly6a Affi Hist2 
Psrna2 Gnae 2(p38'll4n LfbrShfdgl 
Max RpsB Csf2rbl Stpi Tctexl Tpl 3!f3 
Cntf Gys3 SlctOal Ctsb Seppl Rm3 
Ccnb2 SIOOsS- Cf 1 1 Hlst5-2ax Rela 
Copa Gstml Gnb2-rs1 Gm RPL8 



Arrays of Affymetrix Mu11k containing 13103 probe sets corresponding to 12002 GenBank accessions wem f«r hvhwH^ a _ t _ 

a single raw expression level for each gene was derived from Ihe 20 probe pairs representing each gene uslna a ^^S^^^T^ ! (Anymctrrx), end 

Ume pent (24. 4B. or 72 hours). A threshold of 20 U was assigned to any gene with a calculated expression lave! below 20 b^^ed^rZTS^Zl ^ nwp««Ve 

could not be performed win confidence » Ear* gene expression profile was categorized es desXTm W 

relate higher group (WIN-H) was divided by the maximum AO of the relatively low group (MAX-L) a^d^e^s'Xse WIS H^T^.l T™™ C° * 

maximum AO of 4 time points greater than 3000). and genes in italics are those in the bottom 20% (ie, maximum AO of 4 time points ton ^0^^^^ ?i 
was grouped Into 3 stages: early <0-hour), middle (24-hour and 48-hour), and late (72-hour) stages. P • ' 88 *" n *°° h ^ d!frerentiabon ^ UOf) 

AD indicates average difference; gene symbols ere expanded In an Appendix at the end of this article. 



-!+'•% M-X s^%^^ *X <«r«Xi<»i-r»v« 1° It X-jj j- '_♦"'!.■ %x»^ Vj^VjtrvX'X'X vX*X*X-X 




lilf IIS 

Figure 3. Gene dusters In the first 2 principal component spaces. Principal 
component analysis allowed us to present the multidimensional data (In this case. 
4-dImenslonat data of each gene expression pattern) In a simple 2-dlmens tonal 
graph. We derived the 4 principal components, which are a linear combination of the 
standardized expression Intensities (zero mean and unt variance) at 0, 24, 48. and 
72 hours. The first 2 principal components captured most of the variation of the data 
(approximately 85%). Therefore, the data can be displayed (wfth a minor loss of 
information) w) a 2-d!mensbnaJ graph. The fret end second principal components, eland 
c2, eiegfven by the linear combinatbrts o, » 0.747 • nl - 0.11 - n2 - 0.666 • n3 + 0 ■ 
n4endo, = 0.278 • nl + Q.3S3 ■ n2 * 0333 ■ O3-0.B63 - n4, where nl. n2.n3, 
and n4 are the reseated and standardized expression levels at 0, 24. 48. and 72 
hours, respectively. The exes legends d and c2 stand for the first 2 principal 
components. In this paper we used the Pearson correlation to measure the simflartty 
of each gene with the idealized expression patterns, as opposed to the Euclidean 
distance we used In a previous war*. 1 9 because dusters were better separated using 
this measure. In both cases, we presented the data In the 2-dimensbnat space of the 
lowest principal components. The data had a tendency to be drcularty distributed 
when we used the Pearson correlation es a distance measure. 



Correlation between array and DD analyses 

We have previously demonstrated a correlation coefficient of 0.93 
between visual estimates of changes in band intensity on DD and 
Phosphorimager System (Molecular Dynamics, Sunnyvale, CA) 
estimates of band intensity and a correlation coefficient of 0.88 
between hybridization intensity changes of mRNA on Northern 
blot analyses and changes in band intensity on DD. 19 In a few cases 
there were clear discrepancies in the pattern of expression of a 
gene, as estimated by DD and by oligonucleotide chip analysis. We 
chose the 6 most extreme cases and examined the levels of mRNA 
change for these genes by Northern blot analysis (Figure 4). In 5 
cases, the Northern blot results agreed with the results of the DD 
analysis, whereas the results of Gnb2-rsl disagreed with the 
oligonucleotide array but duplicate bands from I)D showed a 
relatively high level of expression in the 0 time sample that did not 
correlate with the Northern blot (Table 2). One possible explana- 
tion for these findings was the change in the relative use of different 
polyadeny lation sites after the addition ofATRA to the MPRO cells. 

Constructing a database for mRNA level changes during 
myeloid differentiation 

Based on the data obtained above, an in-house database (dbMC) 
was constructed that included 2 subdatabases, dbMCd and dbMCn, 
for collecting gene information from DD or oligonucleotide arrays, 
respectively. Each entry in dbMC is accompanied by a so-called 
executive summary. The linkage between dbMCd and dbMCa was 
established by UniGene ID and cluster ID. dbMC contains the 
temporal expression patterns of genes during the MPRO cell 
differentiation process, including not only products represented in 
public databases but also novel transcripts. 
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Cebpa 
Cebpb 

Cebpd 
Cobpe 
Myb 
Slpi 
Prg3 

Gnb2*rs1 
Ly60 

Lep1 
Actb 

Ribosomal RNA 





28S 
18S 



Figure 4. Northern blot analysis of selected mRNAs. Equivalent amounts of RNA 
from MPRO celts Induced byATRAat different tlrne points (0 hour, 2* hours, 46 hours, 
and 72 hours) were resolved by formaldehyde ^agarose gel electrophoresis, stained 
to verify the amount of loading. Eleven genes were separately probed on the RNA 
ffters. The gene symbol of each probe was listed at the left of a related Northern blot 
result Detailed Information on these 11 probes was listed In Table 5. One of the 
RNA-bbtted membrane photographs Is shown with methylene blue-stained 23S and 
1BS RNA subunlta demonstrating the quality and quantity of RNA loaded !n 
individual lanes. 



Analysis of gene expression patterns during MPRO 
differentiation 

Many of the genes identified in this study were found in myeloid 
cells or were implicated in myeloid development for the first time. 
We detected 8 cytokines 25 and chemokines whose mRNA levels 
changed more than 5-fold by arrays and 2-fold by DD during the 
maturation of MPRO cells (see our Web site, http:/Momfo.rnbb. 

Table 2. Expression patterns of genes detected by Northern blot analysts 



yale.edu/expression/neutrophil). Among these were 2 members of 
the CC chemokine family. Interleukin-1 a (IL- la) was up-regulated 
at the late stage of differentiation (LLLH pattern, Table 1). 

mRNA for approximately 52 receptors was detected by one or 
the other method. Anumber of the receptors known to be present on 
mature neutrophils showed late induction of mRNA, and their 
levels of induction were high, indicating that the expression of 
these products is a prominent event late in neutrophil maturation 
(Table 3), Rarely was mRNA for receptors down-regulated, 
consistent with myeloid maturation being accompanied by increas- 
ing responsiveness of the cell to a variety of external stimuli. 

Expression of mRNA for granule proteins 

Neutrophils contain several types of granules that develop at 
different stages of myeloid maturatjon. 3 - ,7 > Levels of mRNAs 
encoding secondary granule proteins, such as lactoterrin, increased 
as the cells matured (Table 4). The level of mRNA for Mmp9, 
reported as a tertiary granule protein, increased markedly between 
24 and 48 hours after the induction of differentiation, whereas 
mRNAs for secondary granule proteins either increased less 
markedly or showed a maximum increase by 24 hours. mRNAs for 
several primary granule constituents, such as myeloperoxidase and 
cathepsin G, were present in unstimulated cells and decreased as 
the cells matured. There was a discrepancy in the measurements of 
proteoglycan mRNA by DD and oligonucleotide chips, but North- 
ern blots showed that it reached a peak at 48 hours and then 
declined (Figure 4). Cathepsin D is reported as a primary granule 
protein, but its pattern of mRNA expression more closely re- 
sembled that of secondary granule constituents. In addition to 
known granule components, mRNAs for several other cathepsins 
were up-regulated during myeloid differentiation, in parallel with 
or later than the tertiary granule protein mRNAs. 

mRNAs for transcription factors 

Transcription factor genes, including several identified at the sites 
of consistent chromosome rearrangements in acute myeloid leuke- 
mia, have been implicated in normal myeloid differentiation and in 
the expression of neutrophil proteins. 2 - 5 - 17 However comprehensive 
information concerning the expression of these transcription fac- 
tors during myeloid development is not readily available. There- 
fore, we compared gene names and identifiers in our databases to 
those of the transcription factOT database Transfac (http:// 



Gene 
symbol 

Cebpa 
Cebpb 
Cebpd 
Cebpe 
Myb 
Sipl 
Prn3 
Gnb2-rs1 
Ly6e 
Lsp1 
Actb 



Gftne 
accession 

M62362 
X62600 
X61B00 

M12B48 
U73004 
W45834 
X75313 
U0426B 
M90316 
X0376S 



AD value by array 



Intensity by DO 



Oh 

33 
390 
157 



8S2 
617 
1S3 
4231 
3061 
65 
3095 



24 h 

212 
1248 
262 



356 
501 
259 
3623 
5391 
376 
3588 



48 h 

182 
1380 
168 



230 
783 
339 
3215 
2844 
840 
3976 



72 h 

1993 
*30 



435 
402 
345 
3403 
1262 
28 
2434 



Oh 



24 h 



48 h 



72 h 



3 
1 
1 
1 

5 
3 



3 
2 
1 
i 

6 
2 



Gene symbol and gene accession refer to National Center for Biotechnology Information databases and, In particular, to Locus Lb*. AO value Is the average difference In 
the v.h» of hybridization tntensfty between the set of perfectly matched oDflonucJeoltdes and the set of mismatched oHgonudeotlde h the oligonucleotide array B ? nd 

S^Z. ""2 T?Z?"£ r SCa, ° ^ 1 (+ > t0 8 <* + + + + + ++ >- ^ — f are shown as boldface numbers in this taWe » Both AO^e and 
intensity of genes were studied at 4 time points correspond big to MPRO ceils Induced for the Indicated times, 

DD Indicates differential display; MPRO. mouse promyelocyte cell line; for gene symbols, see the Appendix at the end of this article. 
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Table 3. Receptors expressed during myeloid differentiation process 



AD value by array 




72 h 



2 or more, less than 3 



3 or more, less than 4 



A or more, less than 5 



5 or more 



Bzrp 

Cmkar4 

Crry 

Csf2rh1 

HtrSa 

MGpr 

MFPIR 

TCRGB 

Thfrsfla 

Cmkbrl 

Crhr 

Csf2ra 

Ebl3 

Gtidl 

Ifhgr 

H2rg 

Ldtr 

P40-8 

Ptaur 

Rarg 

Srbi 

Cr2 

Csf2rt>2 
Fcartg 
Fcgr2b 
Ifhgr2 

Nr4a1 

(11 r2 

C5r1 

Drd2 

Fcgr3 

Fprl 

GCR 

L-CCR 

NMDARGB 

P2rxl 

Piral 

PiraS 

PtraG 

Pirb 

Sell 

Tcrg-V4 



D21207 

X99581 

M34173 

M34397 

218273 

X64068 

AA1167B9 

M2S053 

M59377 

U26404 

)C72305 

MSS078 

AF013114 

D10171 

J0S265 

U21795 

K64414 

J02870 

X62701 

M34476 

U37799 

M 29281 
M29655 
J05020 
X 04 646 
U69599 

X16995 

X5S769 
LQ563Q 
X5S674 
M1421S 
L22161 
AA24D711 
AA034646 
AAB20211 
XB489B 
U966B2 
U9G6B6 
U9G667 
U36669 
M25324 
M54993 



641 
508 
433 
31B 

tee 

536 
232 
165 
0 

221 
121 
171 
187 
128 
141 
205 
1399 
849 
312 
102 
126 

83 
208 
2396 
1703 
1 

66 

482 
185 



48 
2 
79 
0 
274 
122 
191 
46 
1650 



658 
447 
384 
345 
272 
409 
64 
212 
1 

244 

200 
372 
270 
164 
263 
184 
1653 
677 
443 
113 
232 

138 
248 
2766 
1652 



1 88 

1796 
434 



69 
0 
175 
2 
346 

43 
391 
635 
445 
104 

78 



861 
378 
506 
410 
273 
408 
63 
244 
1 

504 
250 
402 
426 
150 
327 
231 
1665 
381 
476 
114 
132 

243 
437 

3365 
1431 



202 

2872 
BOB 



141 
0 

314 
0 

530 
172 
954 
2014 
966 
570 
65 



867 
684 
506 
241 
339 
649 
381 
299 
1 

638 
355 
254 
148 
257 
251 
477 
3968 
640 
734 
218 
258 

77 
111 
6751 
4605 
3 

401 

3816 
1078 
219 
2 

671 
0 

2056 
O 
744 
378 
1874 
1716 
747 
20 
315 



1*1 ESST 2f 35 "J"? maX:mal va,ueB ™ n more ,han « (o 200 U In this study. Gene* m sorted by their express™ patterns as follow*: 

flrst by the avemo^ difference value, then by the dfl^ 

were ordered according to the maximal fold change of AD values. Abbreviations of gene names are taken from gene symbds faed^hT ^ 

oligonucleoUde array assays. The other information is presented as in the legend to Table 2. ^ 
AD Indicates average difference; gene symbols are expanded In an Appendix at the end of this orttete. 



www.transfac.gbt-bmmscbweig.de/TRANSFAC) and determined 
which factors contained in this database were present at detectable 
levels in MPRO cell mRNA, using Affymetrix software for the 
criteria for inclusion of mRNAs from approximately 200 murine 
transcription factors probe sets on ihc oligonucleotide chip. Of 
these, 54 were expressed and 1 3 showed changes of 3-fold or more 
in chip signal (Table 5). 

The changes in certain transcription factors, such as the moderate 
down-regulation of myb and myc and the up-regulation of the Max 
dimerizalion protein MAD, were consistent with the shift of the cells 



from a proliferative to a differentiated state. 28 Some changes are more 
difficult to explain, such as the up-regulation of DPI, a partner for E2f 
factors in the regulation ofS-phase genes, and the mild up-regulation of 
the Id genes, commonly associated with an inhibition of differentiation 
by competition with bHLH transcriptional activators. 2 * 

The C/EBP family has been extensively studied with respect to 
myeloid differentiation. 2 ' 30 Absolute levels of the G/EBP a and 6 
mRNAs were low, probably et the borderline of significance for the 
oligonucleotide chip assay, whereas the level of C/EBP 0 appeared 
higher. In addition, there were discrepancies between the chip 
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Table 4. Granule constituents expressed during mouse promyelocyte cell line cell differentiation 



Granule constituent 



Gene symbol 



Gens accession 



AO value by array 



Oh 



Azurophil (primary) granules 



24 h 



4B h 



72 h 



Possible granule proteins 



Specific secondary granules 



Tertbry granules 



Man2c1 

Ct&h 

Ctsd 

Cleg 

E12 

E1a2 

Gus-s 

Lyzs 

McptB 

Mpo 

Prg 

Clsc 

Ctse 

Ctsh 

Ctsl 

Ctss 

Cpa3 

Cd36(2 

Cnlp 

Cybb 

Ear2 

Fpr1 

Itgb2 

Lcn2 

Ltf 

M3P 

Mr*pl3 

nop 

Mmp9 



AA161860 

M65270 

X52BB6 

M968D1 

U04962 

AA5B9016 

M63836 

Mil 050 

X7BS45 

X15378 

X16133 

AA144B87 

X97399 

U06119 

X060B6 

AA089333 

J05118 
AB0085S3 
X94353 
U433B4 

L22181 

K14951 

W13166 

J03298 

W45834 

X66473 

L37297 

227231 



178 
442 
214 
15G9 
658 
47 
544 
0 
831 
3788 
2621 

252 



45 
16 
12 



621 
113 
80 
8 



178 



916 
10 



44 

2661 



134 
480 

1Q87 
405 

1273 
159 
226 
1 

2S8 
3009 
2653 

194 
3 

124 
11 



270 
93 

479 
24 



220 



3513 
162 



43 
4782 



99 
59S 
1828 
46 
843 
134 
266 
1 

66 
776 
2920 

342 



195 
31 
88 



BO 
157 
704 

91 



235 



3931 
333 



72 
2311 



164 

389 
2784 
286 
157 
163 
254 
3 

491 

692 
9B59 

576 
5 

156 
237 
463 

601 
187 
626 
128 
2 

646 
2 

6036 
138 
2 

178 
6912 



-kHXH ^ re P r * scn,ed « ,ho ollgionudeotlde arrays, sorted by thefr expression patterns asfoW first 

AO indicates average difference; gene symbols are expanded in an Append™ at the end of this artide. 



by the average difference AD 



estimates and the mRNA levels observed by Northern blotting with 
specific probes for these genes. In particular, the latter method, 
more sensitive and specific, showed that C/EDP a began to decline in 
the most mature celts, whereas C/EBP 8 mRNA declined progressively 
beginning at 2*1 hours after (he onset of differentiation. 

C/EBP els a more recently cloned C/EBP family member. Previous 
studies indicated it is expressed in a large array of human leukemia cell 
lines blocked at various stages of differentiation and that it is up- 
regulated during granulocytic differentiation. 31 A C/EBP c probe was 
not included in the oligonucleotide chips, and this mRNA was not 
detected by DD. Therefore, we examined the C/EBP e expression 
patterns by quantitative PCR and Northern blot analysis (Figure 4). 
C/EBP c exon I was PCR ponplified from MPRO RNAs using primers 
RY48 (AGCCCCOGACAOCCTTGArGL\) and RY49 (TGGCACACT- 
GCGGGCAGACAG).* 2 The results showed that C/EBP e is expressed 
throughout myeloid diflerentiation, with expression levels increased 
moderately in the later stages. 

We detected a number of other transcription factors that are 
broadly expressed or that have been reported in other studies of 
hetuatopoiesis (Tabic 5). Some of the factors that were most 
strongly induced during differentiation have been studied in other 
contexts but not previously implicated in hematopoiesis, such as n 
mammalian homologue to the Drosophila enhancer of split gene, a 
transcriptional silencer. The mammalian gene is expressed at 
relatively high levels as measured by the oligonucleotide chip and 



is a candidate for mediation of the silencing of growth-related 
genes in the maturing neutrophil. Another candidate transcripiional 
silencer, Tiflb, may serve as a corepressor for the KRAB domain 
family of zinc finger transcription factors and also may mediate 
binding of the heterochromatin protein HP I to DNA. M 

There were 26 transcription factors whose mRNAs showed no 
significant changes by otigonucleotide chip analysis and were not 
identified as differentially regulated genes by differential display 
assays. PU.l, a factor necessary for the production of neutrophils 
and the expression of several neutrophil genes, 34 showed less than a 
3-fold increase in mRNA, below the threshold for a significant 
change. Other candidate hematopoietic transcription factors such 
as PEBPlaB2 (AMU), GATA-1, and SP-2, were represented on 
the otigonucleotide chips, but their mRNA levels were so low that 
they were reported as absent in this study. The possibility that small 
changes in the levels or ratios of some transcription factors could 
produce marked changes in transcription potentially limits the 
ability of data generated by present methods to explain transcrip- 
tional changes durijig differentiation. 

Protein expression patterns of MPRO cells during 
ATRA Induction 

We visually compared the 2DE patterns from MPRO cells at the 
same time points used for mRNA analysis. In most cases the 
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Table S. Transcription modulators presented during myeloid differentiation 



Maximal fold change 
Lees than 2-fo!d 



2 or more, lass than 3 



3 or more, less than 4 



4 or more, less man 5 



5 or more 



Gene symbol 
ZTpll-8 

Btra 
Gaia2 
Hmgl 
Idbl 
Max 
Nfatc2 
Pm1 
Rang 
fteta 
Sox 15 
Ybx1 
Zfp162 

Cebpd 
Idb2 
Jundl 
Lyl1 
Nfe2 
Nfkbl 
Pbx1 

StpH 

Tlflb 
Trp53 
Usf2 
Ybx3 
Zfp2l6 

trf1 
Klf2 
Myb 
Stst3 
Tfdpl 

Cebpb 
Stra14 

Cebpa 
Grg 
Mad 
Myc 
EtoN6 
TBX1 



Gene accession 

AB020542 
W13502 
ABOQ0096 
J04179 
M31B85 
M639Q3 
AAS60093 
U33626 
M34476 
M61909 
W53527 
MB2857 
Y12B3B 

X618C0 
M69293 
W29356 
X57687 
L09600 
L28117 
AF020196 
A34693 
U67303 
P10361 
U122B3 
L35549 
AA510137 

M21065 
U2SC96 
M1284B 
AA396029 
Q08639 

X62600 
Y0783B 

M62362 
X73359 
X83106 
L00O39 
W83667 
AA542220 



AO value by array 



Ob 

2630 
3 

562 
337 
455 
256 
2313 
173 
102 
297 
419 
643 
671 

157 
244 
1274 
399 
456 
953 
. 611 
375 
673 
259 
12D 
96 
B2 

B5 
62 
692 
464 
307 

390 
223 

33 
99 
0 

314 
169 



24 h 

2989 
3 

770 
348 
787 
224 
3218 
261 
113 
260 
461 
469 
734 

262 
210 

2002 
342 
743 

2044 
303 
784 
659 
149 
185 
169 
151 

207 
86 
356 
1057 
560 

1248 
383 

212 
565 
111 
112 
386 
0 



48 h 

2795 
2 

472 
177 
721 
312 
2396 
329 
114 
304 
484 
472 
720 

168 
310 
1434 
347 
1042 
1876 
345 
991 
420 
12S 
285 
210 
204 

278 
246 
230 
1012 
505 

1360 
510 

182 
916 
167 
62 
313 
1 



2515 
1 

730 
232 
637 
172 
2542 
306 
218 
244 
837 
496 
992 

430 
604 

3085 
891 
505 

2034 
212 
529 
863 
361 
192 
119 
106 

198 
77 
435 
290 
1093 

1903 
935 

44 

1005 
327 
173 

1003 
2 



Shown are the transcription factors identified as present by the oligonucleotide array onalysis whose maximal 
sots was greater than or equalto 200 U hi this study. Data are presented as described In the legend to Table 3 
indic3te s average difference; gene symbols are expanded !n an Appendix at the end of tWs artfcie 



AD between perfect match and mismatch oligonucleotide 



peptides identified for a given protein were derived from regions 
along the entire length of the protein, indicating the observed 
products were not the result of proteolytic degradation. These 
data must be considered with several caveats: membrane and 
other hydrophobic proteins and very basic proteins are not well 
displayed by the standard 2DE approach, and proteins present at 
low levels will be missed. 35 In addition, to simplify MS analysis, 
wc used a Coomassie dye stain rather than silver to visualize 
proteins, and this decreased the sensitivity of detection of minor 
proteins. The MS method we used was sufficiently sensitive to 
identify proteins that could barely be visualized by colloidal 
blue staining. However, a limitation of the method for the mouse 
is that the current database lacks predicted amino acid sequences 
for a substantial fraction of murine genes. In addition, very 
small proteins give only a few peptides, making statistically 
confident identification difficult. 



Figure 5 shows the analytical colloidal blue-stained 2DE IPG 
reference maps of differentiated MPRO cells. Expression patterns 
of more than 500 protein spots were detected and observed through 
the entire series of gels. Protein spots could easily be cross- 
matched to each other, indicating the reproducibility of the method. 
As marked on the gel pictures (Figure 5), 50 proteins with a wide 
range of molecular weights ( 1 to 200 kd), isoelectric points (4 to 9), 
and abundances were subjected to MS protein identification. The 
results are presented in Table 6. 

Comparing the theoretical value of the molecular weight and pi 
of each protein to that of the observed value, we confidently 
identified 28 proteins in the expected position on the gels (spots t to 
28). Some of the other proteins with strong matches to the murine 
databases migrated to a somewhat unexpected pi position. Nine 
spots gave clear peptide peaks on mass spectroscopy but did not 
match any known gene. Their identification will require amino acid 
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Figure 5. 2DE electrophoretogroms of MPRO cells. 
MPRO cell lysate (2.5 x lO c cell/sample) was loaded for 
2DE analysis. Gets were stained with brilliant blue G- col- 
loidal dye. (A) 2DE map of uninduccd MPRO cell {0 hour). 
(B) 2DE map of matured MPRO cells (72 hours). Protein 
spots marked In (he maps were considered differentially 
expressed and wsm subjected to MS analysis. The 
resultant protein information is listed m Table 6. 



IPGs 




e.c 65 ;ni v,$e.o «i 



7Z 



14 




4J5 $.0 -55 6.0 65 ?.0 r.5 U $J> 



A 




sequence analysis or availability of more extensive murine data- 
bases. We searched for the expression patterns of the genes cognate 
to the expressed proteins in dbMC (Table 6). Nineteen genes were 
found in dbMC, the mRNA for 5 genes was reported as absent, and 
13 genes were present during MPRO differentiation. Comparison 
of the expression patterns showed only 4 genes of 18 present on the 
oligonucleotide chips whose expression was consistent al the RNA 
level and protein level None of these was on the list of the genes 

Table 6. Correlation of expression patterns between mRNA level and protein level 



that were differentially expressed significandy (5-fold or greater 
change by array or 2-fold or greater change by DD). 



Discussion 

We explored the temporal patterns of gene expression during 
myeloid development A database has been developed to provide a 



Predicted 



Spot 

1 
2 
3 
4 
S 
6 
7 
B 
9 
10 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 



Protein definition 

GRP78 
Artln, gamma, cytoplasmic 
RHO GDI 2 

Proliferating cell nuclear antigen 
APS kinase 
Pyruvate kinase 3 
Melanoma X-actin 

Gr/ceraidehydo-3-phosphate dehydrogenase 
Steffn 3 

Guanine nucleotide binding protein, beta-2, 

related sequence 1 
Trlosephosphate isomersse 
Testis -derived cab) protein 
RNA binding motif protein 3 
CoUapsln response mediator 
Lemfn A 
47-kd keratin 
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The proteins listed here ore represented by the spots marked In the electrophoretograrns shown in Figure 5 
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reference for later research on the molecular mechanisms undcrlv- 
irtg normal myeloid development. 

The MPRO cell system morphologically mimics normal myeloid 
differentiation and biochemically proceeds further toward mature neutro- 
phils than most other in vitro systems. Because the arrest in differentia- 
tion of MPRO cells growing in the absence of ATRA is not physiologic, 
there is a theoretical risk mat gene expression in these cells is not 
coordinated in the way that it is in normal diffejentiation. It is 
encouraging that, for the most part the timing of expression of genes for 
proteins of the various neutrophil granules is consistent with the timing 
of the morphologic and biochemical appearance of these granule 
components during norma] myeloid differentiation. 

The DD technique provides certain advantages for detecting 
and comparing mRNA levels in different samples. First, the method 
is, in principle, similar to competitive RT-PCR, and, with the use of 
stringent PCR conditions, is expected to be about as reliable. 
Second, display patterns are reproducible. Third, the method 
detects the levels not only of RNAs already represented in the 
database but also of unknown RNA species that may represent 
**new" genes. Fourth, closely related genes can be distinguished 
regardless of cross-hybridization, provided there are some single 
nucleotide differences in the 3' end sequence. Limitations associ- 
ated with this technique are that numerous gels are necessary to get 
1 complete information and that comparison of the levels of different 
rnRNAs is only approximate because of the differential amplifica- 
tion of bands of different size or sequence. 

Oligonucleotide chip analysis is a fast and effective means of 
accessing mRNA expression patterns. 20 Cluster analysis of groups 
of samples by this approach is effective. However, the present 
results indicate that alternative methods of verification are desir- 
able before the data on an unexpected change in a particular gene 
are definitively accepted . 

To obtain the broadest range of information from the myeloid 
differentiation process, both differential display and oligonucleotide 
chip techniques were applied in the current study As a result, 65.3% of 
the observed changes iu mRNA levels came from the differential display 
method and 41 .5% came from oligonucleotide chip assays. 

Our data showed in general that changes in expression pattern 
by the 2 methods agreed qualitatively but that there was some 
quantitative variation. Our results indicate that DD may be a more 
accurate way to detect changes in levels of gene expression than the 
oligonucleotide chip assay. However, improvements iu the types of 
oligonucleotides used in arrays may close this gap in the future. 

The mRNAs for a limited number of transcription factors vary in a 
pattern correlating with that of the mRNAs for primary or secondary 
granule proteins. However, more detailed infonnation is needed, and the 
underlying mechanisms of granule gene regulation remain unclear. The 
number of potential positive and negative regulatory factors found here 
is sufficiently small as to make it feasible to perform in vivo studies, 
such as chromatin irmiiimoprecipilation. 

The oligonucleotide chip used in this study focused on known 
genes, whereas the DD method samples all polyadenylated tran- 
scripts. The latter method generated a large number of products not 
associated with known genes, in part because the mouse genome is 
not as well represented in the database as the human genome. 
However, our experience with DD and human mRNAs indicates 
that substantial fractions of the products represented as ESTs or not 
represented at all in the public databases are cDNA copies from 
introns. hnRNA, or other RNA with internal A runs. 

Approximately 59 sequences obtained from gel-display bands 
had significant changes in the level of expression and a sequence 
that did not match that for any named gene in the public databases. 



Of these, 38 had plausible or excellent polyA signals. This is only 
an approximate estimate of the number of new genes found 3 " 5 
because a fraction of the mRNAs for known genes still had poor 
polyA signals. In addition, the full 3' untranslated region is often 
not known for characterized genes, and in some cases these new 
genes may prove to be identical to products identified by the 
oligonucleotide chips when more complete sequences are obtained. 
At the least, their presence indicates that a substantial fraction of 
the regulatory or functional circuitry of maturing myeloid cells 
remains unexplored and that valuable tools for their investigation 
will emerge from a combination of RNA expression studies and 
analysis of emerging genomic sequences. 

The desired end point for the description of gene expression in a 
biologic system is not only the analysis of mRNA transcript levels 
but also the accurate measurement of protein abundance. The 
developments in 2DE and new MS instrumentation make it 
possible to accomplish this work rapidly and efficiently. In this 
study, we attempted to identity a numbeT of the proteins differen- 
tially expressed between uninduced and ATRA-differentiated MPRO 
cells and to examine the relation between mRNA and protein expression 
levels for these genes representing the same state. 

For protein levels based on estimated intensity of Coomassie dye 
staining in 2DE, there was poor correlation between changes in mRNA 
levels and estimated protein levels. Other groups have studied the 
correlation between mRNA and protein levels in yeast and liver 
cells.ii.i2.i4 m ^ Uver exrxaimcnts. 11 . 12 correlation coefficients of 
0.4 to less than 0.5 were observed. In an extensive study in yeast, 1 U2 the 
correlation coefficient was high if the most abundant mRNAs and 
proteins were considered. If a handful of these products was omitted, the 
remaining correlation coefficient was 0.4 or less. However, one 
could restore some of the correlation by averaging individual 
data points into broad proteomic categories. 37 

The discrepancies between mRNA and protein levels in MPRO cells 
appear to be substantially larger than those observed for yeast Possible 
causes for the discrepancies include transitional regulation, differential 
expression of certain mRNAs at various stages of cell growth in vitro, 
post-translational protein modification that varies with the stage of 
maturation of the cells, and selective degradation or excretion of proteins 
in vivo, Fimtermore, here we are focusing on a developmental 
tirne-course, whereas the yeast study concentrated on the organism in 
vegetative growth New techniques, equipment, and bioinformatic 
analysis tools must be developed to make such systematic, global, and 
quantitative analyses feasible. 

The initial studies of protein expression presented here provide a 
cautionary note for efforts to interpret cell composition and function in 
relation to mRNA levels! Discrepancies we observed between gene 
expression and protein abundance suggest that selective post-transcrip- 
tional controls may be at least as important as changes in mRNA levels 
in determining the protein composition of neutrophils and that they are 
phenomena less well explored than transcriptional control. Analysis of 
mRNA expression patterns is itself only a small beginning toward a 
genome-wide description of cellular components. 
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Appendix 

Gene symbols used in tables: Actb: actin, beta, cytoplasmic; Actg: aain, gamma, 
c>topiB&mic; Acts: melanoma X-aclin; Aldot: aldolase 1, A isotorm; ArfS: 
ADP-tibosylaticai tautor 5; Atfl : acuYdting transcription factor 1; ArJ2: activating 
ffansaiption factor 2; B(J3: basic transcription factor 3a; Barp: pcdphjeral-rype 
benzodiazepiiie receptor, C5vl: complement comr^nient 5, receptor 1/G nrotein- 
coupled receptor (CSa); Ccnb2: cyciin B2; Cd36l2: CD36 antigen (collagen type 
I receptor, thrombaspondin receptor )-like 2; Ctl53: CU53 antigen; Cebpa: 
fJCAAT/cnlianccr binding protein OTZQP, alpha; Ccbpb: CCAAT/enhanccT 
binding protein (C/EBP), beta: Cebpd: CCAAT/cnhanccr binding protein (O 
EBP), delta; Ccbpc: CCAAT/cnlianccr binding protein (C/EBP), cpsilon; Cfll: 
corilin nonmusclc; Cmkai4: chemokine (C-X-C) receptor 4; Cmkbrl: chemo- 
kinc (C-C) i^ceptor I /Mini a irecptor, Cnlp: cathclin-bkc protein; Oitt": dliaiy 
acitroflropic faclorAzinc finger protein PZF; Copa: coatomcr protein complex 
6itbunit alpha; Cpa3: ewboxypeptidase A3, mast cell; Ctl: complement receptor 
i; Orhr: ciirticotroptn releasing hormnne Tcneptor; Ory: complement rcocptcr- 
rclauxl protein; Csflr: CSF t (M-CSF) raxptor/c-fms/CDII5; Csf2ra: CSR 2 
(GM-CSF) rcccptiir, alpha, ltJw-afTinir>'/CDtl6; CsfTrbl: CSF 2 (GM-CSF) 
recqpfor, beta % low-atfinity.H. 3 rectTUir-likc protein (AlC2B)/CDwl31; 



Cst2rb2: CSK 2 (GM-CSF) receptor, beta 2, low-atfinity/TL-3 receptor (A1C2A ); 
CUb: cathepsin B; Qsc: cathepsin C; Cisd: catuepsin D; Cue: catlicpsin E; Ctsg: 
uiihcpsin G; Ct&h: cathepsin 1L; Ctsi: cathepsin L; Ctss: cathepsin S; Cybb: 
cytochrome b-245 t beta; D*d2: dopamine receptor 2; EL211: E2F transcription 
factor 1; Eoi'2: ec^mophuVassociated ribonuc lease 2; Ebi3: Epstein- Barr virus- 
induced gene J/cytokine incept or-like molecule (EBU); E12: Balb/c neutrof hil 
elastase; Qa2: elastase 2; Erh: enhancer of rudimentary homofog (Drosophila); 
Etohi6: cdianol induced oVstcrol regulatory clement binding trans criprticn factor 1 
(SREBFI) homolog; F2rl2: coaguiation factor IT (thrombin) rcccptor-likc 2; 
Fcer Ig: Fc receptor, IgE, high aJfinhy I, gamma porypqxidc; Fcgr2b: Fc receptor, 
IgG, low a^iriicy lib; Fcgr3: Fc receptor, IgG, low alfiiiiry UI; Fprl: formyl 
pepdde receptor 1/1MLP receptor, Gabpbl : GA repeal binding protein (GABP- 
betal subunitX Gata2: GAlA-binding protein 2; Gnas: guanine nucleotide 
binding rn^cin, alpha Stimulating; Gnb2-rs 1 : guanine nucleotide binding protein, 
beta-2, related sequence 1; Gpn.l: glutathione peroxidase 3; Grg: related to 
Dnwophila growdio gene; Gridl: gkitamatc rcccptur clianncl subunil delta I; 
Crm: granulin; G&tmt: glutathiono-S-traasfcrast, mu I; Gus-s: bcti-grucuruni- 
dase structural; Gys3: grycogen synuaase 3, brain; H2-l>. Wstoc«i^itibUifj' 2, D 
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region locus 1; Iiist2: histone gene complex 2; Hist5-2ax: H2A histone family, 
member X; Hingi: high mobility grotip protein I; Hsp60: heat shock protein, 60 
kDa; Htrfa: 5-hydrax.ytryptamine (serotonin) receptor 5A; Idbl: inhibitor of 
DNA binding l/helix-loop-helix DNA binding protein regulator (Id); Idb2: 
inhibitor of DNA binding 2; Ifhgn interferon gamma receptor; Ifhgr2: interferon 
gamma receptor 2; Iir la-associated invariant chain; 111 a: ILL alpha; Illr2: ILI 
receptor, type II; IGrg: IL2 receptor, gamma chain; IWra: IL4 receptor, alpha; 
IJlOrb: XIO receptor, beta; IH7r. IL 17 receptor; Irfl: interfenm regulatory factor 
I; lr£2: interferon regulatory fector-2; Itgjb2: integrinbeta2 (Cdl8); ItprS: inositol 
I^S-trisphosphate receptor (type 2); Jttndl: Jun pwto-oncogenfr-related gene 
dt/transcription factor JUN-D; Kif2: Kruppet-like factor LKLF; L-CCR: lipopoly- 
saccharide inducible OC cbemokine reccptor-rclatcd; Lcu2: lipocalin 2; Mir: 
bw density lipoprotein receptor; Lspl: Lymphocyte-specific 1/S37^)p52; Lstl: 
teiicocytc-^pecific transcript I ; Ltb4r. latkotriene B4 receptor; Lthr. Iymphotoxin- 
beta receptor, Ltf: lee to transferrin; Ly64: lymphocyte antigen 64; Ly6e; lympho- 
cyte antigen 6 complex, locus E; LylJ : lymphoblastoinic leukenua/bHLH fector; 
Lyzst lysozyme; M6pn mannose-6-phosphate receptor, cation dependent; Mad: 
Max dimcrizatbn protein; Man2cl: mannosidase, alpha, class 2C, member 1; 
Max: Max protein; Mac MYC-assoeiated zinc finger protein (p urine-binding 
traascriptioo factor); MBP: eosinophil granule major basic protein precursor; 
McptS: mast cell protease 8; Mil: myeloid/lymphoid or mixed-lineage leukemia; 
Mmp 13: matrix, rnetallopmteinase 13/coltagcuase; Mmp9: matrix metalfoprotein- 
ase 9/gelatmase B; Mpo: myeloperoxidase; Myb: myeloblastosis oncogene; 
Mybl2: myeloblastosis oncogcue-Uke 2; Myc: myctocytomatosis oncogene; 
Myln: myosin light chain, alkali, nonmuscle; Nfatc2: nuclear factor of activated T 
ccUs, cytoplasmic 2; Nfe2: miclear factor, erythroid-dertvod 2, 45 kDa; Nfkbl : 
NI4iappa-B (p!05); Ngp: neutrophilic granule protein; NMDRGB: N-methyl-D- 
aspartate receptor glutamcte-bindiug chain homolog; Npmt: nudeophosanin 1; 
Nr4al : nuclear receptor subfamily 4. group A, member 1 ; Osi: oxidative stress 
induced; P2rxl: purinergic receptor P2X, Ugand-gated ion channel, I; P2ry2: 
piirinergic receptor P2Y, G-protein-<oupled 2; P40-8: P40-8, runctmrial/laminin 
receptor; Phxl: pre B-cell leukemia omscription fector 1; Pfc: properdin factor, 
complement; Piral: paired-Ig-like receptor Al; Pira5: paired-Ig-like receptor 



A5; Pira6: paired-Ig-like receptor A6; Pirb: paired-Ig- like receptor B; Plaur: 
urokinase plasminogen activator receptor; PML putative receptor protein (SP: 
P17152 ); Pmfc promyelocytic leukemia; Prg: proteoglycan, secretory granule; 
Prg3: proteoglycan 3/cosinonhil major basic protein 2; Prtn3: proteinase 3; 
Psma2: proteasome (prosome, macropain) sub unit, alpha type 2; PtrnM: prothy- 
mosin beta 4; Ptprc: protein tyrosine phosphatase, receptor type, C; Rac2: 
RAS-related C3 botulinum substrate 2; Rarg: retinotc acid receptor, gamma; 
Rcta: avian retttiibendotheUosi? viral (v-reJ) oncogene homolog A/NF-kappa-B 
p65; Rpli9: ribosomal protein L19; RPL8: ribosomal protein L8; Rps6kal: 
ribosomal protein S6 kinase polypeptide I; Rps8: ribosomal protein S8: Rtn3: 
reticulon 3; Sl00a8: S100 calcium binding protein A8 (cajgraniilinA); S100a9: 
SI 00 calchim-bindmg protein A9 (cajgrauulm B); Sdfr2: stromal oelMerivcd 
fector receptor 2; Sell selectin L (lymphocyte adhesion molecule IX Sema4d: 
semaphorin 4D; Scnpl: selenoproteiii P, plasma, I; Sfpil: SFFV proviraJ 
integration I; Shfdgl: split hand/foot deleted gene I; SfcJOal: solute carrier 
femily 10 (sodium/bile acid cotransporter family), member 1; Slpi secretory 
leukocyte protease inhibitor; Soxl5: SRY-box containing gene 15; Spi2-l: serine 
protease inhibitor 2-1; Srbl: scavenger receptor class B I ; Stat3: signal transducer 
and activator of transcription 3; Stat5a: signal transducer and activator of 
transcription 5 A; Stat6: signal transducer and activator oftmnscripuon 6; Stral4: 
ba»c-heIix4oop-telix protein-retinoic acid induced; Thxl: TBX1 protein/LPS- 
induccd TNF-alnha factor homolog; Tbrgb: T-ceU--rcceptor germline bcla-crmin 
gene constant region; TVrg-V4: T-cell-feceptor gamma, variable 4; Tctexl: 
t-complex testis expressed I; Tfdpl: transcription fector Dp I; Tiflb: tmnscrip- 
tional intermediary factor 1, beta; Tlr4: toll-like receptor 4; Tnrrsfla: TNT 
receptor superfamily, member la; Tntrsflb: TNF superfamily, member lb; 
lbmm70a: translocase of outer rnkocnondrial membrane 70 (yeast) homolog A; 
Tpi: triosephosphate isomerase; Trp53: traiLsforrnation-rclatcd protein 53; Ubb: 
ubiquitin B: Usf2: upstream transcription factor 2; Ybxl : Y box transcription 
factor, Ybx3: Y box binding protein; Zfpl zinc finger protein si 1-6; Zfp 18: 
zinc finger protein 1 8 homolog, Zfp36: zinc finger protein 36; Zfp 162: zinc finger 
protein 162; Zfp2l6: zinc finger protein 216; Zfpml: zinc finger protein, 
midtitype 1 ; Znfhlal : zinc finger protein, subfemily LA, i (Ikaros); Zyx; zyxin. 
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Bacterial lipopolysaccharide (LPS) evokes several 
functional responses in the neutrophil that contribute 
to innate immunity. Although certain responses, such as 
adhesion and synthesis of tumor necrosis factor-a, are 
inhibited by pre treatment with an inhibitor of p38 mi- 
togen-activated protein kinase, others, such as actin as- 
sembly, are unaffected. The aim of the present study was 
to investigate the changes in neutrophil gene transcrip- 
tion and protein expression following lipopolysaccha- 
ride exposure and to establish their dependence on p38 
signaling. Microarray analysis indicated expression of 
13% of the 7070 Affymetrix gene set in nonstimulated 
neutrophils, and LPS up-regulation of 100 distinct 
genes, including cytokines and chemokines, signaling 
molecules, and regulators of transcription* Proteomic 
analysis yielded a separate list of up-regulated modula- 
tors of inflammation* signaling molecules, and cytoskel- 
etal proteins. Poor concordance between mRNA tran- 
script and protein expression changes was noted. 
Pretreatment with the p38 inhibitor SB203580 attenu- 
ated 23% of LPS-regulated genes and 18% of LPS-regu- 
lated proteins by 2=40%. This study indicates that p38 
plays a selective role in regulation of neutrophil tran- 
scripts and proteins following lipopolysaccharide expo- 
sure, clarifies that several of the effects of lipopolysac- 
charide are post-transcriptional and post-translational, 
and identifies several proteins not previously reported 
to be involved in the innate immune response. 



Lipopolysaccharide (LPS), 1 a component of the outer cell wall 
of Gram-negative bacteria, evokes a variety of functional re- 
sponses in the human neutrophil (PMN) after binding to a 
plasma membrane receptor complex that involves the Toll-like 
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receptors (TLRs) (1-5). These "immediate* functional re- 
sponses, including actin assembly, adhesion, activation of nu- 
clear factor-kappa B (NF-kB), and priming for an enhanced 
secretory response and for release of reactive oxygen interme- 
diates, appear to be central both to the innate immune re- 
sponse and to the pathogenesis of several inflammatory human 
diseases, including sepsis and the acute respiratory distress 
syndrome (6). p38 mitogen-activated protein kinase (p38 
MAPK) has been shown to mediate LPS-induoed PMN adhe- 
sion, NF-kB activation, and TNF-a and IL-8 translation and 
release (7), and its blockade attenuates LPS-induced PMN 
accumulation in the airspace (8). However, other cascades al- 
most certainly lead to downstream effectors of the LPS signal; 
for example, actin assembly appears to be p38 MAPK-inde- 
pendent (9). An improved understanding of the transcriptional 
and translational responses of the neutrophil to LPS and the 
modulation of these responses by p38 MAPK might carry 
pathogenetic and therapeutic implications. 

Historically, it has been believed that the downstream PMN 
transcriptional response to LPS is static and that PMN func- 
tional responses to LPS that depend on de novo protein syn- 
thesis are primarily limited to the release of cytokines (10). 
However, recent studies indicate a robust transcriptional re- 
sponse (11). To date, most studies have relied upon and re- 
ported a short list of functional assays of the LPS-exposed 
PMN; therefore, no exhaustive investigation of either the tran- 
scriptional response or protein synthetic repertoire of the PMN 
has been reported. Although several techniques have been used 
to evaluate transcripts, the screening of global changes in 
mRNA by microarray analysis has only recently become possi- 
ble. In this way, thousands of genes can be screened in an 
unbiased fashion for transcript abundance. Such genomic 
Bcreens in mammalian cells have previously been applied to 
define altered expression profiles in response to agonists 112) 
and to drug action (13) and during cell cycle progression (14). 

Although DNA microarray technology is expected to provide 
insight into the response of the human PMN to LPS (15), 
inliibition of LPS-etimulated IL-1 and TNF-a production by 
p38 MAPK inhibitors in THP-1 cells (16) and of TNF-a synthe- 
sis in human PMNs (9) occurs at a translational level and 
would therefore not be detected by DNA micro arrays. Further- 
more, in other systems, such as yeast and human liver, mRNA 
and protein levels show poor correlation (17, 18). Proteomics is 
a complementary tool for assessing global changes in cellular 
protein expression, thereby providing additional insight into 
cellular signal regulation. A proteomic approach has proven 
useful in different systems for dissecting signal transduction 
cascades and describing their output (19, 20) and has even 
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recently been used to detect novel upstream messengers in- 
volved in LPS signal transduction (21). We have applied DNA 
microarrays and proteomics to define and compare transcrip- 
tional and post-transcriptional alterations in the LPS-exposed 
PMN and to establish the dependence of these alterations on 
p36 MAPK signaling. 

EXPERIMENTAL PROCEDURES 

Materials — Endotoxin-free reagenta and plastics were used in all 
experiments. Aprotinin, leupeptin, AEBSF, E-64, pepstatin, and besta- 
tin protease inhibitors, spermine HC1, and a<yano^hydroxyciniiarnic 
acid (CHCA) were all purchased from Sigma Chemical Co. (St. Louis, 
MO). SB203580, a p38 MAPK inhibitor, was purchased from Calbio- 
chem-Novabiochem Corp. (San Diego, CA). For two-dimensional PAGE, 
rehydration buffer, equilibration buffers, vertical electrophoresis solu- 
tions, and 10% homogeneous polyacryl amide slab gels were purchased 
from Genomic Solutions, Inc. (GSI, Ann Arbor, MI). Sequencing grade 
porcine trypsin was purcliased froin Promega (Madison, WI). 

LPS Incubation — PMNs were isolated by the plasma Percoll method 
(22), a technique-thai yields less than 6% monocytic contamination, »*nd 
remispended at a concentration of 15.4 X 10°/ml in RPMI 1640 culture 
medium (BioWhitiaker, Walkersville, MD) supplemented with 10 tnM 
HEPES (pH 7.6) and 1% heat-inactivated platelet-poor plasma. After 
addition of 100 ng/ml Escherichia colt 011134 LPS (List Biological), 
incubation was carried out with continuous rotation (4 h, 37 *C) both in 
the presence and absence of SB203680. Both Asymetrix analysis and 
proteomic analysis utilized 75 X 10 6 cells. For rnicroarray analysis, 
nonstimulated and 4-h-treated PMNh were collected from three sepa- 
rate donors. A more detailed time course following LPS exposure was 
performed using polymerase chain reaction. For proteomic analysis, 
LPS incubations from separate donors (n - 6) were performed and tlien 
analyzed individually. Control and poat-LPS incubation PMNs were 
washed (0.84 m sucrose/1 uim EDTA/10 mM Iris) and then tysed in a 
modified rehydration buffer (GSI, Ann Arbor, MI) supplemented with 2 
M thiourea, GO mM dithiothreitol (DTT), 22.5 mM spermine HCl, and a 
mixture of six protease inhibitors (10 fxg/ml aprotinin, 10 jtg/ml leupep- 
tin, 2 mM AEBSF, 5 fxM E-64, 1 pH pepstatin, 10 bestatin). DNA was 
pelleted by centrifugation at 260,000 X g for 60 inin (23). 

Affymetrix Oligonucleotide Array — Five micrograms of total KNA was 
isolated with TRIzol (Invitrogen) and RNeasy columns (Qiagen) and 
subsequently labeled with bioUn aa described by Affymetrix, Briefly, 
first-strand synthesis was accomplished with Superscript U reverse tran- 
scriptase (Invitrogen) using a T7-otigo(dT) M primer for 1 h at 42 °C 
followed by second-strand syntheais using B. coli DNA polymerase I and 
RNase H (Invitrogen) at 16 *C for 2 h. Double-stranded DNA was used as 
a template for in vitro transcription with T7 BNA polymerase in the 
presence of biotin-labeted UTP and CTP using the BioArray High Yield 
RNA transcript labeling Sdt (Eozo). Fifteen micrograms of cRNA was 
fragmented and used for hybridization to Affymetrix HuGene 6800FL 
Genechips. Bach sample was hybridized initially using a Test2 Genechip 
to test for sample degradation and full-length in vitro translation. Data 
were analyzed using Anymetrix Genechip software. Results from three 
separate donors were analyzed. 

Reverse Transcription and Polymerase Chain Reaction — cDNA was 
prepared by reverse transcription using 2 /ig total RNA, derived from 
20 X 10 6 cells that were treated as indicated. Polymerase chain reac- 
tions were performed using specific primers for Mx-1, TNF-a, MCP-1, 
p65, S1Q0A4, and glyceraldehyde-3-phosphate dehydrogenase. 

Two-dimensional PAGE — The protein concentration of the lysates 
was measured as described by Bradford et al. (24). Poor isoelectric 
focusing (IEF) results were encountered unless the porycationic sperm- 
ine was diluted (data not shown); therefore, lysates were diluted with 
rehydration buffer (GSI, Ann Arbor, MI) to achieve a final spermine 
concentration of 6 mM. Equal protein loads (1.6 mg) of control and 
LPS-stimulated neutrophils were used to rehydrate IEF gels overnight 
(18 cm, pH 3-10 nonlinear Immobiline Dry Strip IEF gels, Ameraham 
Biosciences; Piscataway, NJ). IEF was performed at 20 *C to 100-kVh 
(Phaser, GSI) under mineral oil, followed by two 10-min SDS equilibra- 
tion steps (DTT and then iodoacetamide-contaimng equilibration buff- 
ers, GSI) and then by vertical electrophoresis on 10% homogeneous 
poryacrylamide slab gels (GSI) at 500 V. Protein spots were visualized 
by agitation in colloidal Coomaasie Brilliant Blue G-250 (16 h) (26), 
followed by destaining in deionized water (20 h). In separate experi- 
ments, control and LPS-stimulated PMN lysates from three donors 
were pooled and then analyzed by two-dimensional PAGE using over- 
lapping narrow isoelectric point (pi) ranges (18 cm, pH 6.0-6.0, 6.5- 



6,7, and 6-11, Ameraham Biosciences, Piscataway, NJ). Identical IEF 
and vertical electrophoresis parameters were used for all gels. 

Image Analysis of Two-dimensional Gels— Colloidal Coomaame- 
stained gels were digitized using a Powerlook II (UMAX Data Systems, 
Inc., Taiwan) flatbed scanner with 6-bit dynamic range and 150-dpi 
resolution. Biolmage (GSI, Ann Arbor, MI) 2D- Analyzer software was 
used to locate, quantitate, and match protein spots on the control and 
LPS gel images. Analysis was performed by assigning 60 common 
anchor spots between paired images; the rernainirig spots were com- 
pared -by a constellation- matching algorithm. All data were then care- 
fully reviewed by the operator to account for any discrepancies. Protein 
loading between control and experimental gels may have varied be- 
cause of inconsistencies in rehydration of the different IEF gel strips; 
therefore, gel images were normalized so that the sum of the integrated 
intensities of all matched spots on paired gels was made equal. Control 
and LPS-stimulated gel images from individual donor experiments 
were matched to generate composite images; composite images were 
then matched into a master composite image to track the LPS response 
of protein spots among different donors (26). Only those spots that were 
common (image-matched) to all original 12 (pH 3.0-10.0) gels were 
considered for further analysis. Fnr.thase cools, the LPS-induced 
change in integrated intensity in the six experiments was subjected to 
statistical analysis with a two-tailed Student's t test, and those spots 
withp < 0.05 were identified by peptide mass fingerprinting (described 
below). For the narrow range (pH 6.0-6.0, 6.5-6.7, and 6-11) two- 
dimensional PAGE experiments using pooled donors, only those spots 
with concordant regulation exceeding 1.5-fold or that appeared denovo 
in the LPS gel in two repeat experiments were further analyzed. 

In-gel Try p tic Digestion — In-gel digestion of protein spots was per- 
formed with sequencing grade ponane-modified trypsin using the 
method of Hellman et al, (27). Tryptic peptides were then extracted (60 
/j1 of 60% acetonitrile/5% trifluoroacetic add, 2 h), and the supernatant 
was taken to dryness in a vacuum centrifuge and then rediasolved in 
trifluoroacetic acid (20 fd, 0.6%). Peptides were then purified and con- 
centrated using ZipTip clQ pipette tips (Milliporc, Bedford, MA). 

MALDI-TOF Mass Spectrometry — Analyses were performed on an 
Applied Biosys terns matrix-assisted laser desorption ionization time-of- 
Oight (MALDI-TOF) Voyager-DE PRO mass spectrometer (Framing- 
ham, MA) operated in delayed extraction mode. Samples (0.5 pi) were 
spotted onto a sample plate to which matrix (0.5 ft! of 10 mg/ml CHCA) 
was added. The sample-matrix mixture was dried at room temperature 
and then analyzed in reflector mode. CHCA was also spotted alone as a 
negative control. Spectra were the auin of 100 laser shots, and those 
peaks with a signal-to-noise ratio of greater than 8:1 were selected for 
data base searching. Spectra were internally calibrated using autolytic 
trypsin peptides {m/z 842.61, 2211.10). 

Data Base Searching Algorithm — The monoisotopic masses for each 
protons ted peptide were: (a) entered into the program MS-Fit (available 
at prospector.ucsf.edu) for searches against the Swiss-Prut, NCBI, 
and GenPept databases, and (b) entered into Mascot (available at 
mabixscience.com), an algorithm testing statistical significance of pep- 
tide mass fingerprinting identifications. For MS-Fit searches, masses 
derived from trypsin, CHCA, keratin, and Coomassie Brilliant Blue 
G-250 were excluded. Search parameters included a maximum allowed 
peptide mass error of 0. 1 Da (0.6 Da in the few instances in which linear 
mode was used), consideration of one incomplete cleavage per peptide, 
pi range of 8.0-10.0, and molecular mass range of 1-200 kDa. Accepted 
modifications included carbamidomethylation of cysteine residues 
(from iodoacetamide exposure following IEF) (28) and methionine oxi- 
dation, a common modification occurring during SDS-PAGB (29). Pro- 
tein identifications were assigned when three criteria were met: 1) 
statistical significance ip < 0.05) of the match when tested by Mascot 
(matrixscience.com); 2) >20% sequence coverage by the tryptic pep- 
tides; and 3) concordance (±16%) with the molecular weight and pi of 
the parent two-dimensional PAGE protein spot. The following special 
exceptions were considered: (a) protein identifications not fulfilling 
criterion 2 were still assigned if criteria 1 and S were fulfilled and no 
other Homo sapiens proteins with peptide mass-matched p values < 
0.05 were identified by Mascot; (6) if criterion 3 was not fulfilled (lower 
than expected molecular weight), a deavage product of the identified 
protein was inferred, and the cumulative molecular weight of the tryptic 
peptides was compared with that of the two-dimensional-PAGE spot to 
ensure that it was not exceeded; (c) if criterion 3 was not fulfilled (isolated 
discordance between theoretical and observed pi), post-tnuielational mod- 
ification of an unrocovered peptide was inferred; and (d) if two or more H. 
sapiens protein assignments with >4 mutually exclusive matching pep- 
tides were identified, a protein mixture in the two-dimensional PAGE 
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spot was inferred and further analysis hailed (quantitative conclusions 
regarding the individual protein constituents could not he drawn). 

RESULTS 

Genes Differentially Expressed in LPS-stimulated Neutro- . 
phils— Human PMNs were Left untreated or incubated in the 
presence of 100 ng/ml LPS for 4 h. As a control to confirm that 
the PMNb were quiescent at baseline and that LPS resulted in 
normal stimulation, mRNA was isolated, cDNA was prepared, 
and PCR for TNF-a was performed. Little TNF-a expression 
was seen in nonstimulated cells, whereas LPS treatment led to 
an increase in expression in each of the donors subsequently 
used for microarray analysis (data not shown). No macrophage- 
colony stimulating factor receptor transcript was detected by 
oligonucleotide microarray analysis, confirming there was no 
significant monocytic contamination. 

Human PMNs express a limited repertoire of mRNA tran- 
scripts at baseline but respond to LPS with differential expres- 
sion of genes in many families. Considering only those geiies 
present by microarray analysis in all three donors, unstimu- 
lated PMNs expressed 13.0% (923 of 7070 genes) of the Af- 
fymetrix gene set Gene classes represented at baseline include 
metabolic enzymes, structural proteins, receptors, signaling 
proteins, and transcription factors. By comparison, human 
monocytes expressed —40% and human fibroblasts —35% of the 
represented genes (data not shown). By the criterion of a >3- 
fold increase in expression in all three donors on Asymetrix 
oligonucleotide array analysis, exposure of PMNs to LPS for 4 h 
resulted in the up-regulation of 100 genes (Table I). 

Genes from several different functional classes were induced 
in PMNs following LPS exposure. Of interest, a number of 
transcriptional regulators were induced, including transcrip- 
tion factors of the NF-kB family. The transcriptional NF-kB 
complex has previously been implicated in the regulation of the 
genes induced by LPS (11). The genes for several cytokines and 
chemokinea were also found to be up-regulated. These include 
TNF-a, IL-1&, IL-6, MCP-1, AflP-3a, and MP-ip (Table D. 
PCR was performed to confirm the results from the microarray 
analysis. PCR analysis on selected genes indicates that the 
time course for changes can be rapid or delayed but parallel the 
changes found in the array at the 4-h time point (data not 
shown). Other up-regulated genes included those for metabolic 
enzymes, immune response molecules, Kinases, phosphatases, 
signaling molecules, adhesion and cytoskeletal components, 
interferon-stimulated genes, and those with unknown or mis- 
cellaneous function (Table I). 

LPS stimulation of PMN also resulted in the down-regula- 
tion of 66 genes (Table II). Down-regulated genes were identi- 
fied as transcriptional regulators, protein and lipid kinases and 
phosphatases, structural molecules, and signaling molecules. 
Genes for metabolic proteins were also evident, as were several 
uncharacterized genes. 

Two-dimensional PAGE and Image Analysis — In contrast to 
the limited number of transcripts found at baseline, PMNs 
were found to express a large number and variety of proteins in 
the nonstimulated state (Fig. 1, A and C, and Tables III-V). 
Reproducible protein expression patterns were found on the pH 
3.0-10.0 gels, ond the majority of proteins fell in the pH 6.0- 
7.0 range (Pig. 1A). The basic region (pH > 7.0) consistently 
exhibited poor resolution, precluding meaningful image analy- 
sis and further workup (data not shown). Depending on the 
spot-finding parameters (minimum spot intensity, filter width) 
selected on the image analysis software, spot-by-apot manual 
editing was found to be necessary to avoid over- and underde- 
tectcd spots; moreover, further manual editing was performed 
to screen for unmatched and mismatched spots following 
matching of paired control and LPS-stimulated gels. After spot 



editing, -1200 well-resolved spots were evident on each pH 
3.0-10.0 gel. In an attempt to improve resolution of the pi 
range bearing the greatest number of well-resolved spots, over- 
lapping narrow pH range gels (pH 5.0-6.0, 6.5-6.7, 6-11) were 
also run. Of interest, a similar number of well-resolved spots 
(-1200) were detected on the narrow pH ran ge gel s (Fig. 1, C 
and D). Assuming a detection limit for Coomaesie of 15 ng (0 25 
pmol, or 1.5 X 10 11 molecules, for a 60-kDa protein) and a 
protein load per gel corresponding to 76 X 10 8 PMNs, we 
estimate a detection limit on our gels of 2000 molecules/cell for 
a 60-kDa protein. As investigators have suggested in other cell 
lines with the use of high resolution two-dimensional -PAGE 
methods (30), we estimate that > 10,000 proteins are expressed 
in the resting PMN. 

Human PMNs respond to LPS with the differential expres- 
sion of a large number of proteins. In the six individual pH 
3.0-10.0 experiments, the number of protein spots that in- 
creased \n integrated intensity by at leasJL£9% following LPS 
exposure was 185, 122, 104, 104, 96, and 131, respectively. The 
number of protein spots that decreased by at least 50% follow- 
ing LPS exposure was 72, 161, 102, 98, 128, and 97, respec- 
tively. Although gel-to-gel regional variability in resolution was 
expected to account for individual spots not being well visual- 
ized on particular gels, only those spots that were matched to 
all. 12 original gels were analyzed further. Overall, the number 
of spots matched to all 12 original gels was 125. The numbers 
of spots that were both matched to all 12 original gels and that 
increased by at least 50% in integrated intensity in the indi- 
vidual experiments following LPS exposure were 46, 13, 17, 27, 
22, and 20, respectively. The numbers of spots that were 
matched to all 12 gels and that decreased by at least 50% were 
6, 22, 17, 22, 34, and 28, respectively. The LPS-induced change 
in integrated intensity of the 125 spots that were matched to all 
12 original gels was subjected to statistical analysis with a 
two-tailed Student's t test, and those spots with statistically 
significant (p < 0.05) regulation among the six experiments 
were identified by peptide mass fingerprinting (Table III). 

Identification of UPS-regulated Proteins— Several proteins 
were consistently up-regulated on the pH 3.0-10.0 gels (Table 
m), including regulators of inflammation (annexin ED and 
signaling molecules (Rab-GDP dissociation inhibitor 0). Sev- 
eral actin fragments were seen to be consistently up-regulated 
in the six experiments following LPS exposure (Table III). Of 
interest, the proteasome 0 chain was also consistently up- 
regulated. Down-regulated proteins included other signaling 
molecules, such as Rho GTPase activating protein 1. 

On the pH 6.0-6.0 and 6.5-6.7 gels, several proteins were 
found to show increases of greater than 1.6-fold following LPS 
exposure (Tables IV and V), including cytoskeletal proteins, 
such as moesin, nonmuscle myosin heavy chain, and a putative 
phosphorylated form of nonmuscle myosin heavy chain, and 
signaling molecules, such as protein phosphatase 1 and P0 4 - 
stathmin. The putative phosphorylated form of nonmuscle my- 
osin heavy chain (spot #JF 101) was positioned 0.03 pH unit more 
acidic than the unmodified protein (spot $1102) (Fig. ID) and 
was distinguished by a tryptic peptide (mfz 1366.74) not pres- 
ent in the unmodified protein, consistent with phosphorylation 
of serine 685. Serine 685 is predicted by NetPhos 2.0 Prediction 
Server (available at www.cbs.dtu.dk/services/NetPhosA31W to 
be a high probability phosphorylation residue and by Scan- 
Prosite (www.expasy.ch/tools/scnpsite.html) to be a substrate 
for protein kinase C. The tryptic phosphopeptide identified in 
P0 4 -stathmin, extending from residues 15 to 27 (1468.7 Da), is 
consistent with phosphorylation of either serine 16, a known 
substrate for Ca 2 Vcalmodulin (CaM>-dependent kinases (32), 
or serine 25, a known Bubstrate for p386 and ERK (Fig. 2A) 
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Table I 

Human neutrophil genes induced after 4 h of LPS exposure 



Description 



CenBunk™ no. 



Chuoge-fcld 



Transcriptional regulation 

. Pleomorphic adenoma gene-like 2 

HFKB2 

NFKBIB 

p65 

BCL3 

X box binding protein 1 

Metal-regulatory transcription factor 1 

Ets-2 

c-Rel 

NFKB1 

Bask leucine zipper transcription factor. ATF-like 
1KB 

MAX dimerization protein 

om 

Cytokines and receptors 
MCP-1 

aHelix coiled-coil rod homolog 

GR03 (beta) 
mFa 
MlPSa 
IL10RA 

OROa 
IIM74 

Immune response 
Orosomucoid 

Complement component C3 
Protease inhibitor 9 
Complement component 3a receptor 1 
Protease inhibitor 3 
S/J°//ant£leukopru tease 
ELANH2Jc\a&tasG inhibitor 

cms 

, Complement component PFC 

Kinases 
CNKtFNKIPUUike 
Cot 
Pim-2 
UMK2 

Phosphatases 
PAC1/DUSP2 
DUSP5 
PHAt 

Signaling molecules 
TNFAJP1/A20 
TRAF1 
RanBP2 
GNA15 
PTAFR 

Adhesion end cytoskeleton 
ICAM1 

CEACAMl (bilary glycoprotein) 
UMS1 

SNU&dXn bundling protein 

Galectinl/LGALSl 

MEMD/ALCAM 

CD44 

TSG-6 

Metabolic 
OTP cyclohydrolase I 
tf£lW2/ubiquinone reductase 
PSMAfiAprotcosome iota) 
UDP-galactose transporter (J8LC35A2) 
PLAU (urokinase) 
KlWU/lrkynurcnine hydrolase 
AMPD3 

P4HAlfpro\y\ 4-hydroxylasc 
y Glutamylcysteine synthetase 
ATP6D 
ATP6S1 



D83764 

S76638 

U91616 

L19067 

U0S661 

M31627 

X78710 

J04102 

X75042 

M58603 

U15460 

M69043 

L06895 

S81914 



M69203 



M72885 

AF014958 

X04500 

M57731 

X02910 

U64197 

U00672 

Y00081 

XS4489 

D10923 



K02544 

K02765 

U71364 

U28468 

L10343 

XQ4470 

M93056 

Y00636 

M83652 



U56998 
D1.4497 
U77735 
D45906 



L11329 
U15932 
U73477 



MS9465 
U19261 
D42063 
M63904 
D10202 



M24283 



16.6 
12.3 
11.5 
6.4 
7.7 
7.6 
7.4 
7.4 
6.2 
6.6 
4.7 
3.8 
3.6 
3.1 



- 78.7- 
48.8 
20.8 
17.6 
17.3 
14.5 
8.1 
7.3 
6.3 
4 

3.8 



20.2 
12.8 
9.6 
6.1 
4.9 
4.7 
4.6 
3.8 
8.5 



16.2 
11.9 
9.6 
4.3 



11.8 

5.3 
3.4 



10 

6.2 
5.6 
5.2 
3.9 



22.4 



XI 6354 


6.3 


U09284 


6.1 


U03057 


5.9 


M57710 


4.7 


U30999 


4.2 


HG2981— HT3125 


3.9 


M31165 


8.7 


U19523 


13.5 


M22538 


8.6 


X59417 


6.4 


D84454 


7.3 


X02419 


6.4 


U57721 


5.5 


D12775 


6 


M24486 


4.7 


L35546 


4.5 


J05682 


4.2 


D16469 


4 
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Table I— continued 



Description 



OenBank 1 * no. 



Glycerol kinase 

FACIA 

AK3 

Interferon-inducible 
fSGlS 
Mxl 
TF756 
INVO 
GBPI 
PRKR 
IFIT4 
IFI54 
IFI58 
IFP33 



Other 
Gos2 

M1HCIIAP1 

KTAAC305 

KIAA0U8 

SNAP23 

CASP5 

KJAA0IJ3 

MAA0255 

Hepatoma -deri ved GF 

PTQS2 

CD48 

UNCI 19 homolog 

KIAA01S1 

Rablb 

Annexin V7I 

K1AAQ110 

Adrenomedullin 

AIM1 

KIAA0250 

P&-1 

Scavenger receptor expressed by endothelial cells 
VHL 



Change-fold 



X68285 
L09229 
X60673 



M13755 
M33B82 
M24594 
M34456 
M55542 
U50648 
U52513 
M14660 
U34605 
U72B82 



M728S5 

U37546 

D14661 

D42087 

US5936 

U28015 

D30755 

087444 

D16431 

028235 

M37766 * 

U40998 

D63485 

XM035660 

J04543 

D 148 11 

D14874 

U83U5 

D87437 

1X6175 

D63483 

L15409 



3.6 
3.5 
3.3 



22.5 
19.4 
12.1 
6.2 
4.3 
3.7 
S.G 
3.5 
3.5 
3 



48.8 
7.2 
6.1 
5 
5 

4.8 
4.3 
4.7 
4.7 
4.6 
4.3 
4.2 
3.9 
3.8 
3.7 
3.7 
3.7 
3.6 
3.2 
3.2 
3.2 
3.1 



(33). Assuming that no other multiply phosphorylated stath- 
min 6pecies had escaped detection, analysis of the integrated 
intensities of the P0 4 -stathmin and etathmin spots indicates 
that the percentage of the P0 4 form of total cellular stathmin 
increased from 11% to 38% with LPS stimulation (Fig. 2B). 
This is similar to a previous report of an increase from <10% to 
35-40% of the Ser^-phosphorylattid form in Jurkat cells stim- 
ulated with anti-CD3 (34). 

Effect of SB203580 on LPS-stimulated Gene Expression— 
Gene expression analysis of PMNs stimulated with LPS indi- 
cated that the majority of genes induced by LPS were unaf- 
fected by prior treatment of PMN with SB203580. Of the 100 
genes up-regulated by LPS, the up-regulation of 23 was inhib- 
ited by greater than 40% (Table VI). The majority of these 
genes affected by SB203580 were inhibited by less than 60%, 
whereas only six were inhibited by greater than 80%, all of 
which represent previously identified interferon-stimulated 
genes. Induction of cytokine genes by LPS, with the exception 
of IL-6, was generally unaffected by SB203580. 

Effect of SB203580 on LPS-stimulated Protein Expression— 
Similar to the effect of SB203580 on LPS-stimulated gene 
expression, little effect of SB203580 was seen on expression 
levels for the majority of LPS-regulated proteins (Table VII). 
Two exceptions are annexin 111 and a-enolase, for which LPS- 
stimulated expression was attenuated in the presence of the 
p38 MAPK inhibitor. 

Comparison of Microarray and Proteornics Results— Of the 
LPS-regulated proteins identified by peptide mass fingerprint- 
ing for which probes were present on the oligonucleotide mi- 
croarray, poor concordance was found at the mRNA level (Table 
VIII). For 13 LPS- up-regulated proteins, 2 corresponding 



mRNA transcripts were up-regulated, 1 was down-regulated, 5 
were unchanged, and 5 were not detected by the Affymetrix 
chip. For 5 down-regulated proteins, 3 corresponding tran- 
scripts were down-regulated, 1 was unchanged, and 1 was not 
detected. Varying patterns of LPS regulation emerge for those 
candidates detected at both the transcript and protein level 
Proteasome 0 chain was up-regulated at both the transcript 
and protein levels (Table VIE), with no notable effect of 
SB203580 on expression at either level. Similarly, CAP1, Rho- 
GAP1, and ficolin 1 were down-regulated at both the mRNA 
transcript and protein level (Table VIII), with no notable effect 
of SB203580. Annexin III was down-regulated at the transcript 
level and up-regulated at the protein level, with an inhibitory 
effect of SB203580 seen only at the protein level (Tables VII 
and VIII). 

DISCUSSION 

Interaction of bacterial LPS with the human PMN repre- 
sents a model system for studying the activation and output of 
the innate immune system during infection and inflammation. 
A recent publication (35) describes the gene expression changes 
of a cultured monocytic cell line after infection by the Gram- 
positive bacterium Listeria monocytogenes. The cell wall com- 
ponents of Gram-positive bacteria, like Gram-negative-derived 
LPS (i.e. from E, co/i), are known to signal through TLRs (36, 
37). Importantly, many of the expression changes found in 
LPS-stimulated PMNs in the present study were also described 
in the bacteria-exposed monocytic cells, indicating that many of 
the gene expression changes seen in bacterial infection are 
likely mediated by TLRs (38, 39) and that the LPS model 
system accurately reflects exposure of immune cells to infec- 
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Table II 

Human neutrophil genes repressed (>4-fold) after 4 h of LPS exposure 



Description 



GtnBank™ no. 



Change 



Kinases 

CAMK, Il % gamma 

Diacylglycerol kinase, delta 
PRKCL2/PKK2 protein kinase C-like 2 
MAPKAPK3 

Protein kinase Ht31, cAMP-dependent 
CAMKU 

Transporters 
SLC25AS/eo\ute carrier family 25, member 5 
SIXU9AJ; folate transporter 
SLC2A3; facilitated glucose transporter 

Metabolic 
Carbonic anhydrase JV 
KNase A family, k6 
Glycogen phosphorylase; liver 
Inositol polyphospruile^'-ph o^phatase 
Inositol 1,3,4-trisphosphate S/6-kinase 
Transkeiolase 

Protein phosphatase 4, reg. subunit 1 (clone 23640) 

Cytidine deaminase 

MGAT1 

HMOXI 

MAN2A2 

C&ycogenin (also represents U31525) 

Structural 
Fibrinogen-Uke protein (pT49 protein) 
H2AFZ 
PaxUlin 
LaminBR 
Dynamin 2 
Actinin 1 
a-Tlthulin 

Tubulin, al t isoform 44 

Transcriptional regulators 
Lymphoblastic, leukemm-derived sequence I 
MAX-interacting protein J 
Nuclear factor crythroid 2 isoform f 
Transducer of ERBB2, 1 
NFATC4 
ATF-2 iCR&Bpa) 

Receptors 
Lymphotadn 0 receptor 
Folate ivceptor 3 (gamma) 

Signaling 
Pix a; cool-2 (KIAA0006) 
ARHBfUhoh 
TNFSF10; TRAIL 

Ca* + binding 
ANXIf 
S100A4 
ANX1 

Other 
Protealipid protein 2 

Protein phosphatase 1, a catalytic subunit 

TIMP2 

KIAA0199 

Lipin 2 (FOAA0249) 

LKAfP(Jawl) 

CUGBP2 

Clone 23933 

PECAM1 

Delta sleep-inducing peptide 

DiGeorge synd critical region gene 2 (KIAA0163) 

SELPLG; CD162; selectin P ligand 



U50360 
D63479 
U33052 
U09578 

HG2167-HT2237 
L07044 



J02683 
U17566 
M20681 



L10955 

U64998 

Ml 4636 

U67650 

U51336 

L12711 

U79267 

L27943 

M55621 

X06985 

L28821 

HG4334-HT4604 



Z36531 

M37583 

U14588 

L25931 

L36983 

MS5178 

X01703 

HG2259-HT2348 



M22638 

L07648 

S77763 

D3830S 

L41067 

I>055I5 



L04270 
U08471 
U 11875 



D25304 
M12174 
U37618 



-ftAd 

-4 

-4.2 

-4.3 

-6.3 

-8 

-9.8 



-4.2 
-4.4 
-5 



-4.4 
-4.6 
-4.6 
-4.6 
-4.7 
-4.8 
-4.9 
-5.4 
-5.4 
-5.4 
-6.8 
-5.9 



-4.2 
-4.7 
-4.9 
-5.9 
-6.2 
-6.7 
-10 
-15 



4.4 
4.5 
6 

6.9 
-7.8 
9.6 



4.4 
5 

-5.3 



-4.5 
-4.5 
6.6 



L19605 


-4.3 


M80563 


-^4.8 


X05908 


-4.8 


L09604 


-4.9 


HG1614-HT1614 


-5 


M32304 


-5.1 


D83782 


-5,2 


D87436 


-5.6 


U10485 


-6.8 


U69546 


-6.9 


U79273 


-7 


L34657 


-8 


Z50761 


t8.7 


D79985 


-9 


U25956 


-32 



tion. Nevertheless, the reliance upon DNA microarrays alone cation of both DNA microarray and proteomics technology to 
affords insight only into the transcriptional response without our model system provides unique insight into both the cellular 
corroboration at the protein level. In the present study, appli- biology of the activated PMN and the responsiveness and reg- 
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Ftg. 1. Two-dimensional PAGE of LPS -exposed human PMNs. 
A and B t colloidal Coomassie Blue-stained pH 3.0-10.0, two-dimen- 
sional PAGE gels (A, control; B, LPS-exposed) with up-regulated isolid 
arrows) and down-regulated (hatched arrows) proteins indicated. These 
results are representative of six separate experiments. C and D, colloi- 
dal Coomassie Blue-stained pH 5.0-6.0, two-dimensional PAGE gels 
. <C t control; D, LPS-exposed) with up-regulated (solid arrows), new 
(solid arrow, open arrowhead), and down- regulated (hatched arrows) 
proteins indicated LPS-exposed PMNs from three blood donors were 
pooled. 

illation of its transcriptional and translational machinery. As 
will be discussed below, our study identifies, in particular, 
novel aspects of the LPS-stimulated PMN transcriptional reg- 
ulation, activity in the innate immune response, signaling, 
cytoskeletal reorganization, and priming for granule release. 

In the present study, the increase in NF-kB transcript abun- 
dance (Table I) detected by the microarrays corroborates the 
findings of other studies of PMNs and monocytes (40) and 
indicates a mechanism for the responsiveness and scope of the 
PAIN transcriptional machinery following LPS exposure. NF- 
kB, recently described to be activated by LPS through the 
TLrVMyD8fl/interleukin-l receptor-associated kinase pathway 
(1, 4), is the only transcriptional complex reported to be in- 
duced by LPS in the PMN. However, because the transcrip- 
tional NF-kB complex has been implicated in (he regulation of 
only a portion of the genes induced by LPS in this study (data 
not shown), the importance of alternative transcriptional reg- 
ulators in the PMN is clear. Of interest, several other known 
and putative transcriptional regulators with less well defined 
functions were also up-regulated in the present study, includ- 
ing PLAGL2, a putative zinc-finger protein, XBP1, MTF-l y 
Ets-2, B-ATF, and DIF2. On the other hand, LPS-down-regu- 
lated genes include ATF-2 (a known target of p38), NFAFC4, 
TOB-U NF-E2, MXI-l t and LYL-1. Although the exact role of 
these gene products in regulating cell function is unknown, 



these data indicate that the range of transcriptional responses 
in the LPS-stimulated PMN is much broader than previously 
suggested and that the signaling capabilities of the PMN in the 
immune response are thereby likely extended in scope and 
specificity. 

-As expected from the literature, the genes for several cyto- 
kines and chemokines, including fL-ift JL-6\ and MIP-ip, were 
found to be up-regulated (Table I). On the other hand, the 
notable absence of up-regulated cytokines in the proteomics 
experiments reflects their removal in the post-LPS incubation 
wash performed prior to lysis for two-dimensional-PAGE. Up- 
rcgulation of these inflammatory mediators is well documented 
in PMNs exposed to LPS and in animal models of LPS-induced 
sepsis syndrome and acute respiratory distress syndrome, a 
PMN-mediated illness (41, 42). Several genes in this family 
were up-regulated that have not, to our knowledge, been de- 
scribed in LPS-stimulated cells, including MCP-1, GR03, 
IL-10RA, and HM74 % _zr. arphan G pi-otein-eoupled renter 
with homology to chemokine receptors. The down-regulation of 
TNFSF10, lymphotoxin b receptor, and TNFAIP1 were also 
observed. The modulation of genes involved in cytokine signal- 
ing, including the adapter molecules TRAF1 (LPS and TNF 
receptor signaling) and TNFAJPl (TNF receptor signaling) and 
several kinases and phosphatases, may indicate a change in 
cytokine responsiveness after LPS treatment. Relevant in this 
regard from the proteomics data are: 1) the up-regulation of 
protein phosphatase 1, which has been shown to regulate PMN 
NADPH oxidase activation and translocation (43, 44) and to 
regulate LPS-induced NF-kB activation (45); 2) the down-reg- 
ulation of Rho-GAPl, which has been shown to regulate 
NADPH oxidase activity in the PMN (46); and 3) the up- 
regulation of P0 4 -stathmin (Table IV), a phosphoprotein pos- 
tulated to function as a relayer and integrator of multiple 
signal transduction pathways (34). Several noncytokine, 
nonchemokine genes involved in the immune response were 
also up-regulated, including the complement pathway mem- 
bers C3, C3AR1, and PFC\ the protease inhibitors ELANH2 
(elastase inhibitor), SLPI, P/-3, and PI 9; and the acute phase 
protein orosomucoid. LPS regulation of C3AR1 and orosomu- 
coid expression have not previously been reported. In the pro- 
teomics experiments, the down-regulation of ficolin-1 (Table III), 
a collectin-Hke cell surface protein reported to activate the com- 
plement system and to mediate adhesion and phagocytosis in 
monocytes but not previously reported in granulocytes (47), may 
represent negative modulation of the innate immune response. 
The finding that genes other than cytokines and chemokines are 
regulated by the PMN in response to LPS indicates that the PMN 
plays a more sophisticated role in host-defense and immunity 
than previously thought 

Treatment of the PMN with LPS lead to the induction of a set 
of genes associated with the anti-viral Type I interferons, 
IFNa/0. This induction occurs independehtly of the release of 
IFN or another unidentified soluble factor. 2 Furthermore, the 
set of genes expressed is smaller than that induced by IFNcVft 
as described by Der et al. ( 12). This may be due to differences in 
the scope of the signaling systems activated by LPS and 
IFNac/0, or the time course of analysis of geneB in the LPS- 
stimulated PMN. The implication that LPS treatment of PMN 
allows PMN to express anti-viral activity is currently being 
tested. Of interest was the finding that induction of interferon- 
stimulated genes was blocked by pre treatment of PMNs with 
SB203580. Work from our laboratory has indicated that signal 
transducers and activators of transcription activation does not 
occur in response to LPS in PMNs. 2 In addition, interferon- 



3 K. C. Malcolm and G. Worthen, manuscript in preparation. 
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Tabus III 

Analysis of pH 3.0-10.0 two-dimensional PAGE gets 

Mean change(-fold) in expression level among six PMN donors is reported. The change in expression for the proteins listed was statistically 
significant (p < 0.05) as measured by a two-tailed Student's t test. 



identification [spot noj 


owi«3-rTot no. 


Estimated 
Mj/pl 


Theoretical 


Peptides matched/ 
submitted 


Protein 
covered 


change 










% 




■fold 


Up-regulated 














Proteasome ft chain [646] 


P28070 


27/5,7 


29.2/5.72 


9/12(75%) 


36% 


1.51 


Annexin III [550] 


P12429 


3175.7 


36.4/5.6 


14/18 (78%) 


42% 


1.37 


Actin fragment [544f° 


P02570 


32/5.5 


141.7/5.29) 


13/15 (87%) 


(34%) 


1.74 


Actin fragment [591|° 


P02570 


30/5.4 


(41.7/5.29) 


14/18(78%) 


(29%) 


1.60 


o-Enolase [380] 


P06733 


41/5.7 


47.2/7.01 


9/10 (90%) 


24% 


1.65 


Rab-GDP dissociation inhibitor 0 (2891 


P50395 


50/6.1 


60.7/6.11 


10/11 (91%) 


25% 


1.24 


Glutathione 5-transferase P [6481 


P09211 


23/5.5 


23.4/5.43 


6/8 (75%) 


41% 


1.54 


Pie-B-cell colony enhancing {actor [1152] 


P43490 


53/7.0 


55.5/6.69 


12/16(75%) 


25% 


1.29 


Down-regulated 














Adenylyl cyclase-associated protein 1 [256] 


Q01518 


55/7.3 


5L7/8.07 


16/22(73%) 


34% 


0.53 


Rho-GAPl [283] 


Q07960 


. 50/5.8 


50.4/5.85 


7/9 (78%) 


22% 


0.67 


Ficolin 1 [511] 


000602 


33/6.5 


3576.89 


10/12 (83%) 


26% 


0.74 

















° The theoretical pi and M K of native actin are indicated. Protein coverage indicates coverage of native actin. 

Table IV 

Analysis of pH 5.0-6.0 two-dimensional PAGE gels 

Results are from pooled samples for control (ii-3) and LPS-exposed (n = 3) PMNs from human donors. Expression of the reported proteins was 
altered > 1.5 -fold following LPS exposure in two repeat experiments. "New* designates proteins seen in the LPS gel in two repeat experiments but 
not detectable in the corresponding control gels. 



Identification [spot no.] 


Swiss-Prot 
no. 


Estimated 


Theoretical 
MrM 


. Peptides matched/ 
submitted 


Protein 
covered 


Change 










% 


% 


■fold 


Up-regulated 




34/5.81 










Protein- tyros in e kinase 9-like [4681 


Q9Y3F5" 


39.576.37 


10/14(71%) 


34% 


1.8 


Protein phosphatase 1, catalytic summit, P isoform 


P37140 


38/5:73 


37.2/5.84 


7/10 (70%) 


22% 


2.0 


[378] 


P16949* 












P0 4 -stathmin [5771 


18/5.36 


17.3/5.76 


9/12(75%) 


42% 


2.1* 


Nonmusde myosin heavy chain [1102] 


189036" 


145/5.32 


145/5.23 


20/21 (95%) 


17% 


New 


Putative P0 4 -nonmuscle myosin heavy chain [1101]^ 


189036*-' 


145/5.29 


145/5.23 


14/16 (87%) 


13% 


New 


Leukocyte elastase inhibitor [318] 


P30740 


42/5.71 


42.7/5.9 


9/13 (69%) 


22% 


2.4 


Grancaldn [1004] 


P28676 


24/5.36 


24.0/5.02 


7/10 (70%) 


31% 


New 


Down-regulated 














AdenosyDiomocysteinase 1324] 


P23526 


48/5.82 


47.7/6.04 


7/9 1 78%) 


14% 


0.4 


PEST phosphatase interacting protein homolog (234}* 


4100162' 


48/5.30 


47.6/5.35 


11/13 (85%) 


30% 


0.5 



° TrEMBL accession number. 

* Accession number and theoretical pi and M R for the unmodified protein are indicated. 
c NCBX accession number. 

d See text for explanation. 

" Among three experiments, the ratio of P0 4 -stathmin expression increase, following LPS exposure in the presence of SB203580 divided by that 
in the absence of SB203580, was 0.93. 
'Genpept accession number. 

* This search was performed using average masses measured by linear mode MALDI-TOF MS. 

Tabus V 

Analysis of pH 5.6-6.7 two-dimensional PAGE gels 

Results are from pooled samples for control (n ~ 3) and LPS-exposcd (n = 8) PMNs from human donors. Expression of the reported proteins was 
altered > 1.5-fold following LPS exposure in two repeat experiments. 



1 dentiil cation [spot no.) 


Swiss- Prct 
no. 


Estimated 


Theoretical 


Peptides matched/ 
submitted 


Protein 
covered 


Change 










% 


% 


-fold 


Up-rcgulatcd 














Transaldolase [475] 


P37837 


38/5.95 


37.576.36 


13/17 (76%) 


33% 


2.5 


Isocitrate dehydrogenase [431] 


075874 


46'6.25 


46.7/6.35 


7/7(100%) 


13% 


2.3 


Moesin[20U 


P26038 


61/6.09 


67.8/6.07 


11/13 (85%) 


17% 


2.1 


o-Enolase [459] 


P06733 


43/5.64 


47.2/7.01 


7/10 (70%) 


17% 


3.8 


Down -regulated 














Calponin H2 [240) 


Q99439 


34/6.65 


33.7/6.94 


10/11(90%) 


27% 


0.5 



regulatory factor 3, a known regulator of mterferon-stimulated 
gene transcription, is not a direct target of p38 kinase. 2 There- 
fore, gene expression analysis of LPS-stiniulated PMNs has 
uncovered a previously uncharacterized signal transduction 
system that is sensitive to inhibition of p38 MAPK. 

Knowledge of the genes down-regulated by LPS permits the 



development of further hypotheses addressing PMN function in 
the face of infection. Strikingly, several down-regulated genes 
and gene products are structural in nature (eg. paxillin, acti- 
nin, calponin H2) (Tables Q and V). A known consequence to 
the PMN of LPS exposure is decreased motility (48). Up- regu- 
lation of genes for adhesion molecules UCAM-1, CD44 y AL- 
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Fig. 2. A, the predicted sequence of the tryptic phoaphopeptide in 
P0 4 -atathmin (1468.72 Da). The peptide mass meaaumi by MALDI- 
TOF MS and the predicted mass differed by 14 ppm. As indicated, two 
alternate phosphorylation sites are possible: serine 16 and serine 25. B, 
PO^-stathmin and stathmin were identified on the control and LPS- 
ezposed pH 6.0-6.0 gels. Consistent with phosphorylation, the P0 4 - 
stathmin spot was distinguished by a peptide of mass 1468.72 Da (jLe. 
80 Da greater than the peptide of 1388.72 Da seen in the stathmin spot). 
Assuming that no other multiply phospborylated stathmin species have 
escaped detection, analysis of the integrated intensities of the F0 4 - 
stathmin and ataLhmin spots indicates tliat the percentage of the P0 4 
form of total cellular stathmin has increased from 11% to 38% with LPS 
stimulation. The decrease in integrated intensity for stathmin was 
equal in amount to the increase in P0 4 -etathmin following LPS 
exposure. 

CAM, and TSG-6), and down-regulation of genes for structural 
proteins, indicates a genetic basis for* this observation. Down- 
regulation of two genes implicated in cytoskeletal regulation, 
Fix- a and RhoB, was also observed. The calcium-binding pro- 
tein S100A4, down-regulated in LFS-treated PMNs (Table II). 
has been implicated in cell motility and metastasis (49). De- 
creased motility may be beneficial in sustaining the inflamma- 
tory response at sites of infection. In addition, LPS treatment 
results in an inhibition of npoptosis (50). Therefore, the longer 
residence time of the PMN at sites of infection is consistent 
with the long term genetically coded changes seen in these 
gene-profiling experiments and indicates that the changes in 
gene expression are functionally relevant to host defense and 
immunity. 

By providing information on post-translational modification, 
the proteomics data may provide further insights into the cy- 



♦ Tabus VI 

Effect ofSB203580 on LPS-stimulated gene expression 

Genes are reported for which the SB20368G/control expression ratio 
is :£ 0.60. 



•fold dunce ratio Change in ah 

(SB203580/caijtrol) ofSB2035 



-fold 



JSG15 


0.09 


22.5 


HCR 


0.38 


20.8 


Mx-1 


0 


19.4 


IFI66 


0 


12.1 


PIS 


0.67 


9.5 


Ets-2 


0.69 


7.4 


IL6 


0.45 


6.3 


Rel 


0.50 


6.2 


UMS1 


0.58 


6.1 


C3AR1 


0.49 


6.1 


WDO 


0.35 


5.2 


3BJAA0105 


0.41 


5.1 


SNAP23 


0.58 


6.0 


SLPI 


0.58 


._. 4.7 


KLNAJ12 


0.49 


4.6 


HM74 


0.57 


3.8 


PKR 


0 


3.7 


MAD 


0.21 


3.6 


IFIT4 


0.12 


3.6 


Glycerol kinase 


0 


8.6 


IFIS4 


0 


3.5 


IFI58 


0.39 


3.5 


IPF35 


0.46 


3.0 



Table VII 

Effect of SB203580 on LPS -stimulated protein expression 



IVotein name 


-fold dumee ratio 
<SB203580£aalraD 


Change in 
ubfienm of 
SB2O35B0 






-fold 


Up-regulated 






Proteasome 0 chain 


0.8 


1.51 


Annexin HI 


0.6 


1.37 


Actin fragment [5441 


0.8 


1.74 


Actin fragment [591) 


0.8 


1.60 


a-Enolase 


0.6 


1.65 


Rab-GDP dissociation inhibitor & 


1.1 


1.24 


Glutathione S-tranefcrase P 


1.2 


1.54 


Pre-B-cell colony enhancing factor 


1.2 


1.29 


Down-regulated 






Adenylyl eydase-aesociated protein 1 


1.3 


0.53 


Rho-GAPl 


0.8 


0.67 


Ficolin 1 


1.0 


0.74 



toskeletal remodeling effects of LPS upon (he PMN. We con- 
tend (hat the actin fragments identified (Table III) are unlikely 
to represent technical artifacts. Rattier, their specificity (iden- 
tical molecular weight/pi among different experiments), statis- 
tically significant up-regulation by LPS, as well as (he use of a 
lysis buffer containing cliaotropes and multiple protease inhib- 
itors argue instead (hat these fragments are physiologic con- 
sequences of LPS exposure in the human PMN. More specifi- 
cally, the up-regulation of these fragments following LPS 
exposure (Table HI) suggests that LPS may activate an actin- 
cleaving enzyme, which, in turn, remodels the cytoskeleton. 
Intriguing in this vein, calpain has recently been reported to 
play an important role in cell migration and cytoskeletal orga- 
nization of fibroblasts (51). The possibilities that LPS may 
induce calpain activation and that calpain activation may reg- 
ulate cytoskeletal reorganization and motility are currently 
under investigation. An alternative possibility is that actin 
cleavage is a marker of neutrophil apoptosis«(52). 

Other LPS-regulated proteins may play important roles in 
cytoskeletal reorganization. The up-regulation of protein-ty- 
rosinc kinase 9-like (A6-related protein) may modulate LPS- 



31300 



LPS-activated Neutrophils: Microarrays and Proteomics 



Table vm 

LTS-regulated proteins for which a probe was present on the 

Affymetrix chip 

A comparison of corresponding protein and mRNA transcript changes 
following LPS exposure is shown. 



Pwtrin mRNA change 



•fold 

Up-regulated 

Protcasome fl chain 1.5 1.9 \ 

Leukocyte elastase inhibitor 2.4 4.6 f 

Rab-GDIp 1.24 NC fl 

Grancaldn New NC 

Transaldolase 2.5 NC 

Moesin 2.1 NC 

Nonmuscle myosin heavy chain New NC 

Glutathione ^-transferase P 1.54 Absent 

Pre-B cell enhancing factor 1.29 Absent 

Ieo citrate dehydrogenase 2.3 Absent 

P0 4 -statlimin 2,1 Absent (stathmin) 

Protein phoenphatoee 1, p catalytic eubunit_2^ Absent 
Annexin HI - 3.1 3.1 i 

Down-regulated 

Aiienylyl cyclase- associated protein 1 1.9 2.1 [ 

Rho-GAPi 1.5 2.71 

Picolinl 1.4 1.7 i 

Adenosylhomocysteinase 2.5 Absent 

Calponin H2 2 NC 



* NC, no measureable change. 

induced actin polymerization, because it bears a high degree of 
homology to twinfilin (A6), an actin monomer-binding protein 
that localizes to sites of rapid filament assembly in cells and is 
believed to regulate actin filament turnover (53). In turn, LPS- 
induced down-regulation of Rho-GTPase activating protein 1 
(Table III) may regulate twinfilin (and protein-tyrosine kinase 
9-like) activity, because twinfilin has been shown to colocalize 
with Racl and Cdc42 and to be regulated by active Racl in NIH 
3T3 cells (63). Activation of Rho proteins may be facilitated by 
LPS up-regulation of moesin (Table V), because moesin report- 
edly induces the dissociation of Rho from GDI (54). Racl may, 
in turn, promote activation of the actin filament-nucleating 
Arp2/3 complex through interactions with WASP (Wiskott-Al- 
drich syndrome protein) family proteins (55) and, interestingly, 
is postulated to regulate the dynamics of both the actin and 
microtubule cytoskeletons via phosphorylation of stathmin (Ta- 
ble IV) (56). Calponin H2 is an actin-binding protein not pre- 
viously reported in PMNs that is postulated to play a role in 
cytoskeletal organization (57). Its down-regulation by LPS (Ta- 
ble V) likely modulates LPS-induced cytoskeletal reorganiza- 
tion. The up-regulation of nonmuscle myosin heavy chain and a 
putative phosphorylated form of myosin heavy chain (putative 
protein kinase C substrate by prediction rules) in tine Un- 
exposed PMN (Table IV) is of uncertain significance; myosin 
has been implicated in multiple functions in the PMN, includ- 
ing locomotion, fluid pinocytosis, and phagocytosis (58). Of 
interest, however, S100A4 (down-regulated, Table EL) has been 
reported to regulate cytoskeletal dynamics by inhibiting pro- 
tein kinase C-mediated phosphorylation of nonmuscle myosin 
heavy chain (59). 

LPS induction of stathmin phosphorylation (Table IV and 
Fig. 2) may represent another mechanism by which the cy- 
toskeleton is remodeled. Stathmin is a phosphoprotein report- 
edly involved in both signal transduction and in regulation of 
the microtubulin filament network; furthermore, phosphoryla- 
tion of stathmin has been reported to modulate its tubulin- 
binding avidity (60). Inferences can be made about both the 
phosphorylation site on P0 4 -stathmin and the responsible ki- 
nase induced by LPS. Four phosphorylation sites in stathmin 
have been well described: Ser 16 , Ser 25 , Ser* 8 , and Ser 63 (32, 33); 



Ser 16 has been reported as a substrate for Ca 2+ /calmodulin 
(CaMHependent kinases (32), and Ser 25 as primarily a sub- 
strate for p36 and ERK (33), with P34 1 ** also active but bear- 
ing a 5-fold preference for Ser 36 (34). As stated above, the 
phosphopeptide identified in P0 4 -stathmin, extending from 
residues 15 to 27 (1468.7 Da), is consistent with phosphoryla- 
tion of either Ser 16 or Ser 25 (Fig. 2). Although both p385 and 
p38a MAPK isofbrms are expressed in the human PMN, LPS 
has been shown to selectively activate the p38a isoform in 
human PMNs (9). The p36a isoform, however, has been shown 
to be relatively inactive at Ser 25 ; in feet, p385 is —100-fold more 
active at Ser 25 , and selective p38a inhibitors do not inhibit the 
stress-activated phosphorylation of stathmin in 293 cells (33). 
Further support for the lack of involvement of p38 signaling in 
phosphorylation of stathmin in our system is the apparent lack 
of effect of SB203580 (a selective p38a and p380 inhibitor) on 
LPS-induced expression of P0 4 -stathmin (Table IV). Because 
p34 cd< * is rtilatively inactive at Ser 25 (34), we rc?.??ude.£hat 
phosphorylation site is likely to be Ser 16 , a reported substrate 
of CaM-dependent kinase. Although CaM kinases have previ- 
ously been implicated in gene activation in LPS-exposed my- 
elomonocytic HD11 cells (61), stathmin signaling has not, to 
our knowledge, been previously reported in either PMNs or 
lipopolysaccharide signal transduction. 

Cytoskeletal reorganization, a well-described regulator of 
granule release (62), may underlie LPS-induced priming for 
PMN granule release, but several LPS-regulated proteins may 
provide more specific clues. LPS exposure led to increased 
levels of grancalcin, a calcium-binding protein previously de- 
tected in PMNs and shown to translocate to granules and 
plasma membrane in the presence of physiologic concentra- 
tions of calcium (63). Similarly, annexin HI, a calcium-binding 
protein highly expressed in PMN granule membranes and im- 
plicated in calcium-mediated secretion (64) and in granule fu- 
sion (65), was also found to be up-regulated. Exocytosis of 
granule contents may also be facilitated by LPS up-regulation 
of Rab-GDP dissociation inhibitor (Table III), which has been 
proposed to recycle Rab after vesicle fusion by extracting it 
from the membrane and loading it onto newly formed transport 
intermediates (66). 

Parallel use of DNA microarrays and proteomics affords a 
powerful strategy for comparison of corresponding mRNA tran- 
scripts and proteins, thereby affording new insight into the 
mechanisms by which the cell regulates its signaling responses 
to the external environment. Of interest, a poor correlation was 
found between corresponding transcripts and proteins (Table 
Vm), as reported in other systems (17, 16). The finding in some 
coses of unchanged transcript abundance in the face of regu- 
lated protein levels indicates post-transcriptional modulation 
following LPS exposure. The finding of undetected transcripts 
in the face of regulated levels of the corresponding proteins 
may indicate previous transcription of these genes in an earlier 
state of the myeloid maturation of the PMN, producing stable 
protein species that have undergone post-translational alter- 
ation following LPS exposure. The use of SB203580, a p38 
inhibitor, adds further insights into the mechanisms of LPS 
regulation. At the level of mRNA expression, SB203580 inhib- 
ited 23% of Unstimulated genes by >40% and 11% of genes 
by ^60%; therefore, p38 plays a specific role in gene regulation 
in the PMN. In particular, proteasome 0 chain was up-regu- 
lated at both the mRNA transcript and protein level (Table 
Vm), with no notable effect of SB203580 on expression at 
either level, consistent with a non-p38-mediated pathway of 
primary transcriptional up-regulation induced by LPS. Simi- 
larly, CAP1, Rho-GAPl, and ficolin 1 were down-regulated at 
both the mRNA transcript and protein level (Table VIII), with 
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no notable effect of SB203580, consistent with a non-p38-me~ 
diated pathway of primary transcriptional down-regulation. 
Interestingly, anriexin ED was down-regulated at (he transcript 
level and up-regulated at the protein level, with an inhibitory 
effect of SB203580 Been only at the protein level (Table VII), 
consistent with a p38- mediated post-transcriptional up-regula- 
tion induced by LPS. 

limitations of the present study should be noted. Gene ex- 
pression analysis by cDNA microarrays does not distinguish 
between transcriptional regulation and mRNA stabilization; 
similarly, two-dimensional PAGE proteomics by itself does not 
distinguish among transcriptional, translational, or post-trnns-- 
lational regulation of protein abundance. Transcript detection 
by roicroarray technology is limited to the probes included; 
protein identification by two-dimensional PAGE proteomics is 
limited to well-resolved regions of the gel, may perform less 
well with hydrophobic and high molecular weight proteins, and 
tends to select for more abundant protein species (30). Harvest- 
ing of the-LF3-incubated PMNs at 4 h may have prevented 
detection of earlier, transient changes and may have thereby 
introduced artifactual transcript-protein discordance. Further- 
more, the post-LPS incubation, pre-two-dimensional PAGE cell 
washes would be expected to remove secreted proteins from 
further analysis, with uncertain effects on detected protein 
abundance depending on such factors as the degree of de novo 
synthesis and extent of degranulation/exocytpsis. Because pro- 
tein binding of Coomassic Blue has a limited dynamic range 
and is typically not linear throughout the range of detection, 
image analysis of Coomassie Blue-stained protein spots should 
be considered semi-quantitative. For some protein spots, the 
apparent magnitude of regulation by LPS may have been 
blunted by the spot approaching staining saturation in the 
control gel. By limiting our analysis to those protein spots 
common to all twelve pH 3.0-10.0 two-dimensional gels, we 
likely excluded some LPS-regulated proteins that happened to 
be either poorly resolved on a subset of the gels or unmatched 
by the image analyeis software. By further limiting the analy- 
sis to those matched spots on the pH 3.0-10.0 gels for which a 
two-tailed t test demonstrated. p < 0.05, the list of regulated 
proteins was likely also limited by statistical power. In addition 
to those regulated proteins listed in Table HI, three others were 
up-regulated and three down-regulated with p < 0.09 (data not 
shown). 

Limiting our reported results to those changes that met 
statistical significance among the donors carries further impor- 
tant implications. We have encountered a two order of magni- 
tude range of response in unselected donor LPS-induced PMN 
functions, Buch as TNF-a and superoxide anion release (data 
not shown). The sources of this physiologic heterogeneity re- 
main uncertain but may possibly include such factors as nat- 
ural mutations of the IPS receptor component, TLR4 (67). By 
selecting for LPS effects common to all donors, we may not have 
characterized the range of genomic and proteomic heterogene- 
ity present in the population and thereby may have focused on 
only a narrow portion of a broader biological response to LPS. 
We contend that this reductionist approach is valid because it 
would be expected to enrich for biologically integral responses 
of the PMN to LPS. Nevertheless, correlation of genomic and 
proteomic profiles with functional phenotypes of the PMN may 
bear important diagnostic and therapeutic implications and 
will be pursued in future studies. 

Widespread regulation of numerous noncytokine/chemokine 
genes and proteins in the LPS-stimulated human PMN is a 
novel finding. These data indicate that, despite a narrow scope 
of gene expression in the nonstimulated state, the terminally 
differentiated, short-lived PMN likely plays a role in the innate 



immune response that is far more sophisticated and dynamic 
than the simple release of preformed inflammatory mediators. 
Although gene expression appears to be an important mecha- 
nism by which PMNs respond acutely to infection, mRNA tran- 
script/protein concordance is limited, and post-transcriptional 
(and po8t-translational) modifications also play an important 
role. The alteration of multiple transmptionat regulators, G* 
protein regulators, P0 4 -stathmin, and protein phosphatase 1 
indicates that one of the responses to LPS exposure is to modify 
subsequent signaling events by bacterial components or by 
other cytokines and chemokines. Finally, the finding that p38 
MAPK mediates LPS regulation of a limited subset of tran- 
scripts and proteins underlines the continuing need to define 
signal transduction cascades in the neutrophil. 
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Discordant Protein and mRNA Expression in 
Lung Adenocarcinomas* 

Guoan Chen*, Tarek G. Gharibt, Chiang-Ching Huang§, Jeremy M. G. Taylor§, 
David E. MisekU Sharon L R. Kardia||, Thomas J. Giordano**, Mark D. lannettonit, 
Mark B. Orringeri, Samir M. Hanashll, and David G. Beer* # 



The relationship between gene expression measured at 
the mRNA level and the corresponding protein level Is not 
well characterized In human cancer. In this study, we 
compared mRNA and protein expression for a cohort of 
genes In the same lung adenocarcinomas. The abun- 
dance of 165 protein spots representing 98 Individual 
genes was analyzed In 76 lung adenocarcinomas and nine 
non-neoplastic lung tissues using two-dimensional poty- 
acrylamlde gel electrophoresis. Specific polypeptides 
were identified using matrix-assisted laser desorption/ 
ionization mass spectrometry. For the same 85 samples, 
mRNA levels were determined using oligonucleotide ml- 
croarrays, allowing a comparative analysis of mRNA and 
protein expression among the 165 protein spots. Twenty- 
eight of the 165 protein spots (17%) or 21 of 98 genes 
(21.4%) had a statistically significant correlation between 
protein and mRNA expression (r > 0.2445; p < 0.05); 
however, among all 165 proteins the correlation coeffi- 
cient values (r) ranged from -0.467 to 0.442. Correlation 
coefficient values were not related to protein abundance. 
Further, no significant correlation between mRNA and 
protein expression was found (r = -0.025) If the average 
levels of mRNA or protein among all samples were applied 
across the 165 protein spots (98 genes). The mRNA/ 
protein correlation coefficient also varied among pro- 
teins with multiple Isoforms, Indicating potentially sep- 
arate Isoform-specffic mechanisms for the regulation of 
protein abundance. Among the 21 genes with a signifi- 
cant correlation between mRNA and protein, five genes 
differed significantly between stage I and stage III lung 
adenocarcinomas. Using a quantitative analysis of mRNA 
and protein expression within the same lung adenocarci- 
nomas, we showed that only a subset of the proteins 
exhibited a significant correlation with mRNA abundance. 
Molecular & Cellular Proteomics 1:304-313, 2O0Z 



Lung cancer is the leading cause of cancer death for both 
men and women in the United States. Adenocarcinomas of 
the lung comprise -40% of all new cases of non-small cell 
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lung cancer and are now the most common histologic type. 
Functional genomics, broadly defined as the comprehensive 
analysis of genes and their products, have become a recent 
focus of the life sciences (1). Application of these approaches to 
lung adenocarcinomas has the potential to aid in the identifica- 
tion of high risk patients with resectable early stage lung cancer 
that may benefit from adjuvant therapy, as well as to identify 
new therapeutic targets. In human lung cancer, however, little is 
currently understood regarding the relationship between gene 
expression as determined by measuring mRNA levels and the 
corresponding abundance of the protein products. 

A number of powerful techniques for analysis of gene ex- 
pression have been used including differential display (2), 
serial analysis of gene expression (3), DNA microarrays (4), 
and proteomics via two-dimensional polyacrylamide gel elec- 
trophoresis and mass spectrometry (5), Bioinformatics tools 
have also been developed to help determine quantitative 
mRNA/protein expression profiles of all types of ceils and 
tissues (6) and now can be applied to benign and malignant 
tumors. DNA microarrays (cONA and oligonucleotide) permit 
the parallel assessment of thousands of genes and have been 
utilized in gene expression monitoring (7), polymorphism anal- 
ysis (8), and DNA sequencing (9), Recent studies have fo- 
cused on classification or identification of subgroups of lung 
tumors using DNA microarrays (10, 11). The use of mRNA 
expression patterns by themselves, however, is insufficient for 
understanding the expression of protein products, as addi- 
tional post-transcriptional mechanisms, including protein 
translation, post-translatlonal modification, and degradation, 
may influence the level of a protein present in a given cell or 
tissue. Proteomic analyses, a complementary technology to 
DNA microarrays for monitoring gene expression, involves 
protein separation and quantitative assessment of protein 
spots using 2D 1 -PAGE and protein identification using mass 
spectrometry. By combining proteomic and transcriptional 
analyses of the same samples, however, it may be possible to 
understand the complex mechanisms influencing protein ex- 
pression in human cancer. 

In this study, we determined mRNA and protein levels for 
165 proteins (98 genes) in 76 lung adenocarcinomas and nine 



1 The abbreviations used are: 2D, two-dimensional; MALDI-MS, 
matrix-assisted laser desorplion/ioni2ation mass spectrometry. 



304 Molecular & Cellular Proteomics 1A 

» 



© 2002 by The American Society for Biochemistry and Molecular Biology, Inc. 

This paper is available on One at http://Ww.mcpontine.org 




Protein and mRNA Correlation in Lung Adenocarcinomas 



Table I 

Correlation coefficients of protein and mRNA where 
r\ correlation coefficient value > 0,2445; p < 0.05. Values in boldface are 



only one spot was present on 20 gels 
significant at p < 0.05. 





Spot 

1104 

0994 

1314 

1454 

1638 

0264 

1405 

0963 

1252 

0906 

1171 

1160 

0759 

1193 

0172 

0777 

1249 

1685 

1205 

1230 

0603 

1358 

1410 

1B25 

0871 

0289 

1143 

1456 

1598 

1354 

1445 

1479 

0608 

1071 

0991 

0842 

0823 

0613 

1338 

0902 

1688 

0265 

1414 

0710 

0532 

0525 

0513 

1659 

1262 

0190 

0948 

0502 

0152 

1054 

0709 

0867 

0165 

1109 

0137 



Unigene 

Hs.184510 

Hs.77840 

Hs.10958 

Hs.75428 

Hs.227751 

Hs. 129548 

Hs.111334 

Hs.300711 

Hs.4745 

Hs.234489 

Hs.241515 

Hs.181013 

Hs.74635 

HS.B3383 

Hs.3069 

Hs.979 

Hs.226795 

Hs.76136 

Hs.82314 

Hs.279860 

Hs.181357 

Hs.28914 

Hs.82113 

Hs.1 12378 

Hs.250502 

Hs.82916 

Hs.11465 

Hs.1 18638 

Hs,278503 

Hs.89761 

Hs.155485 

Hs.1 77486 

Hs.1 82265 

Hs.1 0842 

Hs.297939 

Hs.77274 

Hs.1 98248 

Hs.1247 

Hs.104143 

Hs.5123 

Hs.1 473 

Hs.274402 

Hs. 77541 

Hs.97206 

Hs.170328 

Hs.264255 

Hs.76901 

Hs.256697 

Hs.7016 

Hs.1 84411 

Hs.2795 

Hs.180532 

Hs.75410 

Hs.74276 

Hs.253495 

Hs.7B996 

Hs.180414 

Hs.75103 

Hs.554 



Gene name 

SFN 
ANXA4 
DJ-1 
SOD1 
LGALS1 
HNRPK 
FTL 
ANXA5 
PSMC 
LDHB 
COX11 
PGAM1 
DLD 
AOE372 
HSPA9B 
PDHB 
GSTP1 
TXN 
HPRT1 
TPT1 
LAMR1 
APRT 
DUT 
LIMS1 
CA8 
CCT6A 
GSTTLp2B 
NME1 
RIG 
ATP5D 
HIP2 
APP 
KRT19 
RAN 
CTSB 
PLAU 
B4GALT1 
APOA4 
CLTA 
SID6-306 
GRP 
HSPA1B 
ARF5 
HIP1 
MSN 
ALPP 
PDIR 
HINT 
RAB7 
ALB 
LDHA 
GPi 
HSPA5 
CLIC1 
SFTPD 
PCNA 
HSPA8 
YWHAZ 
SSA2 



0X337 
0X219 
0.3982 
0.3863 
0.3318 
0.3034 
0.2849 
0.2468 
0.2445 
0.4420 
0.2310 
0.2023 
0.1965 
0.1932 
0.1872 
0.1855 
0.1773 
0.1732 
0.1588 
0.1466 
0.1463 
0.1399 
0.1213 
0.1213 
0.1122 
0.1106 
0.0997 
0.0932 
0.0905 
0.0904 
0.0843 
0.0746 
0.0439 
0.0277 
0.0254 
0.0246 
0.0183 
0.0176 
0.0123 
0.0117 
-0.0040 
-0.0071 
-0.0096 
-0.0114 
-0.0132 
-0.0148 
-0.0289 
-0.0312 
-0.0362 
-0.0470 
-0.0549 
-0.0575 
-0.0640 
-0.0686 
-0.0936 
-0.0982 
-0.1014 
-0.1018 
-0.1032 



Protein name 

14-3-3 <r 
Annexin IV 
DJ-1 protein/MER5 
Superoxide dlsmutase (Cu-Zn) 
Gatectin 1 

Transformation up-regulated nuclear protein 
Ferritin light chain 
Annexin V 

26 S proteasome p28 

L-lactate dehydrogenase H chain (LDH-B) 
COX 11 

Phosphogfycerate mutase 
Dihydrolipoamide dehydrogenase precursor 
Antioxidant enzyme AOE372 
GRP75 

Pyruvate dehydrogenase E1-0 subunit precursor 
Glutathione S-transferase pi (GST-pi) 
Thioredoxin 

HG phosphoribosyltransferase 
Translationaily controlled tumor protein (TCTP) 
LAMR 

Adenine phosphoribosyl transferase 
dUTP pyrophosphatase (dUTPase) 
Pinch-2 protein 

Carbonic anhydrase-related protein; Syntaxin 
Chaperonin-tike protein 

Glutathione S-transferase homolog (GST homolog) 

Nm23 (NDPKA) 

RIIG(U32331) 

FIFO-type ATP synthase subunit d 
Huntingtin interacting protein 2 (HIP2) 
Amyloid B4A 
Cytokeratin 19 

GTP-binding nuclear protein RAN(TC4) 
Cathepsin B 

Urokinase plasminogen activator 

0 1,4-gaIactosyl transferase 

Apoiipoprotsin A4 (ApoA4) 

Ciathrin light chain A 

Cytosolic inorganic pyrophosphatase 

Preprogastrin-refeasing peptide 

Heat shock-induced protein 

ADP-ribosylation factor 1 

Huntingtin interacting protein 1 (HIP1) 

Moesin/E 

Alkaline phosphate, placental 

Protein disulfide isomerase-related protein 5 

Protein kinase C inhibitor 

Rab 7 protein 

Albumin 

Lactate dehydrogenase-A (LDHA) 

Hsp89 

GRP 78 

Nuclear chloride channel (RNCC protein) 
Pulmonary surfactant protein D 
PCNA 

Heat shock cognate protein, 71 kDa 
14-3-3 £/A 
Ro/ss-A antigen 
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Tablh I — continued 



Spot 


Unigene 


Gene name 


0278 


Hs.4112 


TCP1 


1769 


Hs.9614 


NPM1 


0069 


Hs.74335 


HSPCB 


2511 


Hs.153179 


FABP5 


1739 


Hs.16488 


CALR 


1138 


Hs.301961 


GSTM4 


2533 


Hs.77060 


PSMB6 



r* 



Protein name 



-0.1237 
-0.1738 
-0.2049 
-0.2109 
-0.2344 
-0.2438 
-0.2512 



T-comp!ex protein I, a subunit 

B23/numatrin 

Hsp90 

E-FABP/FABP5 
Calreticulin 32 

Glutathione S-transferase M4 (GST m4) 
Macropain subunit A 



non-neoplastic lung tissues. Protein levels were determined 
using quantitative 2D-PAGE analysis, and the separated pro- 
tein polypeptides were identified using matrix-assisted laser 
desorption/ionization mass spectrometry (MALDI-MS). The 
corresponding mRNA levels for the identified proteins within 
the same samples were determined using oligonucleotide 
microarrays. Correlation analyses showed that protein abun- 
dance is likely a reflection of the transcription for a subset of 
proteins, but translation and post-translational modifications 
also appear to influence the expression levels of many indi- 
vidual proteins in lung adenocarcinomas. 

EXPERIMENTAL PROCEDURES 

77s$ues-Rfty-seven stage I and 19 stage ill iung adenocarcino- 
mas, as well as nine non-neoplastic lung tissue samples, were used 
for protein and mRNA analyses. Patient consent was obtained, and 
the project was approved by the Institutional Review Board. All tis- 
sues were obtained after resection at the University of Michigan 
Health System between May 1991 and July 1998. Tissues were all 
snap-frozen in liquid nitrogen and then stored at -80 °C. The patients 
included 46 females and 30 males ranging in age from 40.9 to 84.6 
(average 63.8) years. Most patients (66/76) demonstrated a positive 
smoking history. Sixty-one tumor samples were classified as bron- 
chial-derived, 14 were classified as bronchoalveolar, and one had 
both features. Eighteen tumor samples were classified as well differ- 
entiated, 38 were classified as moderate, and 19 were classified as 
poorly differentiated adenocarcinomas. Hematoxylin-stained cryostat 
sections (5 pm), prepared from the same tumor pieces to be utilized 
for protein and mRNA isolation, were evaluated by a pathologist and 
compared with hematoxylin- and eosin-stained sections made from 
paraffin blocks of the same tumors. Specimens were excluded from 
analysis if they showed unclear or mixed histology (e.g. adenosqua- 
mous), tumor cellularity less than 70%, potential metastatic origin as 
indicated by previous tumor history, extensive lymphocytic infiltration, 
or fibrosis or if the patient had received prior chemotherapy or 
radiotherapy. 

Oligonucleotide Array Hybridization -The HuGeneFL oligonucleo- 
tide arrays (Affymetrix, Santa Clara, CA) containing 6800 genes were 
used in this study. Total RNA was isolated from all samples using 
Trizol reagent (Invitrogen). The resulting RNA was then subjected to 
further purification using RNeasy spin columns (Qiagen). Preparation 
of cRNA, hybridization, and scanning of the HuGeneFL arrays were 
performed according to the manufacturer's protocol (Affymetrix, 
Santa Clara, CA). Data analysis was performed using GeneChip 4.6 
software. The gene expression profile of each tumor was normalized 
to the median gene expression profile for the entire sample. Details of 
data trimming and normalization are described elsewhere (11). 

2D-PAGE and Quantitative Protein Analysis- Tissue for both pro- 
tein and mRNA isolation came from contiguous areas of each sample 
Protein separation using 2D-PAGE, silver staining, and digitization 



were performed as described previously (12, 13). Our 2D-PAGE sys- 
tem allows us to run 20 gels at one time (one batch). Spot detection 
and quantification were accomplished utilizing Bio Image Visage Sys- 
tem software (Bioimage Corp., Ann Arbor, Ml). The integrated inten- 
sity of each spot was calculated as the measured optical density 
units x mm 2 . Of the total possible 2000 spots detectable on each gel, 
820 spots on the gel of each sample were matched using a Gel-ed 
match program with the same spots on a chosen "master gel In 
each sample, 250 ubiquitously expressed reference spots were used 
to adjust for variations between gels, such as that created by subtle 
differences In protein loading or gel staining. Slight differences be- 
cause of batch were corrected after spot-size quantification. 

Mass Spectrometry and 2D Western Blotting- Preparative 2D gels 
were run using extracts from A649 lung adenocarcinoma cells (ob- 
tained from ATCC) and using the identical experimental conditions as 
the analytical 2D gels, except 30% more protein was loaded. The 
resolved protein gels were silver-stained using successive incuba- 
tions in 0.02% sodium thiosulfate for 2 mln, 0.1% silver nitrate for 40 
min, and 0.014% formaldehyde plus 2% sodium carbonate for 10 
mm. For protein identification, protein polypeptides underwent trypsin 
digestion followed by MALDI-MS using a MALDI-TOF Voyager-DE 
mass spectrometer (Perseptive Biosystems, Framingham, MA). The 
masses were compared with known trypsin digest databases using 
the MS-FfT database (University of California, San Francisco- 
prospector.ucsf.edu/ucsfhtml3.2/msfrt.htm). Some of the polypep- 
tides included In the analysis had been identified prior to this study on 
the basis of sequencing (14). The identified protein spots used in this 
paper are shown in Fig. \A. The method for 2D-PAGE Western blot 
verification was as described previously (1 5). The 2D Western blots of 
GRP58 and Op1 8 are shown in Fig. 1 , C and £; the others, such as 
GRP78, GRP75, HSP70, HSC70, KRT8. KRT18, KRT19, Vimentin, 
ApoJ, 14-3-3, Annexin I, Annexin II, PGP9.5, DJ-1, GST-pi, and 
PGAM, are described elsewhere. 2 

Statistical Analysis- Missing values were replaced with the mean 
value of the protein spot. The transform x -> log (1 + x) was applied 
to normalize all protein expression values. The relationship between 
protein and mRNA expression levels within the same samples was 
examined using the Spearman correlation coefficient analysis (1 6). To 
identify potentially significant correlations between gene and protein 
expression, we used an analytical strategy similar to SAM (signifi- 
cance analysis of rnicroarrays) (17), which uses a permutation tech- 
nique to determine the significance of changes In gene expression 
between different biological states. To obtain permuted correlation 
coefficients between gene and protein expression, genes were ex- 
changed first In such a way that permutated correlation coefficient 
were calculated based on pseudo pairs of genes and proteins. The 
distribution of permutated correlation coefficients became stable after 
60 permutations. This procedure was then repeated 60 times to 
obtain 60 sets of permutated correlation coefficients. For each of the 
60 permutations, the correlations of genes and proteins were ranked 



Chen et a/., submitted for publication. 
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r*. correlation 



Table II 

Correlation coefficients of protein and mRNA where multiple isofbrms were present on 2D gets 
coefficient value > 0,2445; p < 0.05. Values in boldface are significant at p < 0.05. 



opoi 


Unigene 


Gene name 


r* 


1494 


Hs.81915 


LAP18 


0 4003 


0957 


Hs.77899 


TPM1 




0353 


Hs.289101 


GRP58 


0 3802 


0855 


Hs.169476 


GAPD 




1198 


Hs.41707 


HSPB3 


0 3RRA 


1203 


Hs.83848 


TPI1 


11.0033 


0523 


Hs.65114 


KRT18 

• XI ill u 


U.OOOO 


1492 


Hs.61915 


LAP18 


n 19^4 


1493 


Hs.81915 


LAP18 




11B1 


Hs.78225 


ANXA1 


fi *nno 

U.O 1 M£ 


0439 


Hs.242463 


KRT8 




0505 


Hs.297753 


VIM 


n OQ1Q 


0593 


Hs.297753 


VIM 




1874 


Hs.75313 


AKRlBl 

rU \l IIU | 




0935 


Hs.75544 


YWHAH 


U.<tf / 5 


2524 


Hs.78225 


ANYA1 


U.ZOl 2 


2324 


Hs.65114 




O.Z601 


1192 


Hs 41707 


noraj 


0.2558 


0350 


Hs.289101 


UnrOO 


0.2516 


0992 


Hs.75313 


akri m 


—0.2460 


0861 


Hs.75313 




0.0761 


0853 


Hs.75313 


AKR1R1 


—0.0675 


2503 


Hs. 76392 


rM_Un I 


-0.0565 


0381 


Hs 76392 


ai nm 


-0.0371 


0371 


Hs. 76392 


ai nm 

nl»Un I 


—0.0680 


1179 


Hs 78225 




0.2052 


0762 


Hs 78225 


r\J v| A/A x 


-0.0739 


0760 


Hs.78225 


ANYA1 


— 0.022B 


2506 


Hs.217493 


AMYA9 


U.^223 


0772 


Hs.217493 


AMXA9 


n oAon 


0723 


Hs.217493 


ANYA9 


U.U /Ul 


1239 


Hs.93194 


APOA1 


U.l loo 


1237 


Hs.93194 


APOA1 


U.UorJ 


1234 


Hs.93194 


APOA1 


A nQQA 

• u.ut>y*t 


042B 


Hs.25 


ATP5B 


n nnon 


0427 


Hs.25 


ATP5B 


U.U1ZZ 


0424 


Hs.25 


ATP5B 




0863 


Hs.75106 


CLU 


-U.U400 


0780 


Hs.75106 


CLU 


u.u*t**o 


1527 


Hs. 11 91 40 


EIF5A 


U.U/<!o 


1484 


Hs.1 19140 


EIF5A 


U.UOf o 


1728 


Hs.5241 


FABP1 




1712 


Hs.5241 


FABP1 


— n n^7i 


0947 


Hs.169476 


GAPD 


0 1745 


1232 


Hs.75207 


GLOI 


0.2249 


1229 


Hs.75207 


GLOl 


0.0450 


1595 


Hs.158300 


HAP1 


-0.0137 


1810 


Hs.75990 


HP 


0.4672 


1459 


Hs. 75990 


HP 


0.0802 


1458 


Hs.75990 


HP 


-0.0305 


0619 


Hs.75990 


HP 


0.0461 


0615 


Hs.75990 


HP 


-0.0034 


1250 


Hs.41707 


HSPB3 


-0.1024 


0549 


Hs.79037 


HSPD1 


0.1074 


0338 


Hs. 79037 


HSPD1 


0.2265 


0333 


Hs.79037 


HSPD1 


0.1383 


0331 


Hs.79037 


HSPD1 


0.1603 


2381 


Hs.65114 


KRT18 


0.2016 


0535 


Hs.65114 


KRT18 


0.1106 



Protein name 



0P18(Stathmln) 
Tropomyosins 1^5 

Protease disulfide isomerase (GRP58) 

Glycera!dehyde-3-phosphate dehydrogenase 
Hsp27 

Triose phosphate isomerase (TPI) 

Cytokeratin 18 

OP18(Stathmin) 

OP18(Stathmin) 

Annexln variant I 

Cytokeratin 8 

Vimentin 

Vimentin 

Aldose reductase 
14-3-3 tj 
Annexln I 
Cytokeratin 18 
Hsp27 

Phospholipase C (GRP56) 
Aldose reductase 
Aldose reductase 
Aldose reductase 
Aldehyde dehydrogenase 
Aldehyde dehydrogenase 
Aldehyde dehydrogenase 
Annexin variant I 
Annexin I 
Annexin I 

Lipocotin (annexin II) 
Ltpocotin (annexin II) 
Lipocotin 

Apolipoprotein A1 (ApoA1) 

Apolipoprotein A1 (ApoA1) 

Apolipoprotein A1 (ApoA1) 

ATP synthase p subunit precursor 

ATP synthase fi subunit precursor 

ATP synthase p subunit precursor 

Apolipoprotein J (ApoJ) 

Apolipoprotein J (ApoJ) 

etF-5A 

eIF-5A 

L-FABP 

L-FABP 

GryceraIdehyde-3-phosphate dehydrogenase 
Glyoxalase-I 

Gfyoxalase-1 

Huntingtin-associated protein 1 (nsuroan 1) 

a-Haptoglobin 

a-Haptoglobin 

a-Haptoglobin 

B-haptoglobin 

B -haptoglobin 

Hsp27 

Hsp60 

Hsp60 

Hspeo 

Hsp60 

Cytokeratin 18 
Cytokeratin 18 
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r\ correlation 



Spot 

0529 
0528 
0527 
0514 
0451 
0446 
0444 
0443 
1488 
0321 
0320 
1063 
0837 
0326 
0322 
0241 
1280 
1278 
0866 
0778 
1213 
1210 
1207 
1204 
1202 
1161 
1052 
1039 
1035 
0783 
1574 
0809 
2202 
1246 
1242 
0606 
0594 
0508 
0419 
1279 



Table \\— continued 

Correlation coefficients of protein and mRNA where multiple isofbrms were present on 2D pels 
coefficient value > 0.2445; p < 0,05. Values In boldface are significant atp < 0.05. 



Unigene 

Hs.65114 

Hs.65114 

Hs.65114 

Hs.65114 

Hs.242463 

Hs.242463 

Hs.242463 

Hs.242463 

Hs.81915 

Hs.75655 

Hs.75655 

Hs.75323 

Hs.75323 

Hs.297681 

Hs.297681 

Hs.297681 

Hs.301254 

Hs.301254 

Hs.73980 

Hs.73980 

Hs.83848 

Hs.83848 

Hs.83848 

Hs.83848 

Hs.83848 

Hs.83848 

Hs.77899 

Hs.77899 

Hs.77899 

Hs.77899 

Hs. 194366 

Hs.194366 

Hs.76118 

Hs.76118 

Hs.76118 

Hs.297753 

Hs.297753 

Hs.297753 

Hs.297753 

Hs.75544 



Gene name 

KRT18 

KRT18 

KRT18 

KRT18 

KRT8 

KRT8 

KRT8 

KRT8 

LAP 18 

P4HB 

P4HB 

PHB 

PHB 

SERPINA1 

SERPINA1 

SERPINA1 

SFTPA1 

SFTPA1 

TNNT1 

TNNT1 

TPI1 

TPI1 

TPI1 

TPI1 

TPI1 

TPI1 

TP Ml 

TPM1 

TPM1 ' 

TPM1 

TTR 

TTR 

UCHL1 

UCHL1 

UCHL1 

VIM 

VIM 

VIM 

VIM 

YWHAH 



0.1279 
0.0414 
0.0436 
0.0733 
-0.0111 
0.0347 
-0.1311 
0.0942 
0.0495 
-0.0546 
-0.0041 
0.0441 
0.1402 
-0.0227 
-0.0277 
-0.0148 
-0.1488 
-0.2040 
0.1162 
0.0740 
0.0024 
0.0490 
-0.1615 
0.0209 
0.0721 
0.2265 
-0.1040 
-0.2999 
-0.3821 
0.0757 
-0.0065 
0.0399 
-0.0220 
-0.1261 
0.1473 
0.0951 
-0.2664 
0.1008 
0.0032 
0.0059 



Cytokeratin 18 
Cytokeratln 1B 
Cytokeratin 18 
Cytokeratln 18 
Cytokeratin 8 
Cytokeratin 8 
Cytokeratin 8 
Cytokeratin 8 
0P18 (Stathmin) 
PDI (proly-4-OH-B) 
PDI (proly-4-OH-B) 
Prohibitin 
Prohibitin 
a-1-Antitripsin 
a-1-Antitripsin 
«-1 -Antitrypsin 

Pulmonary surfactant-associated protein 
Pulmonary surfactant-associated protein 
Troponin T 
Troponin T 

Triose phosphate isomenase (TPI) 
Trioss phosphate isomerase (TPI) 
Triose phosphate isomerase (TPI) 
Triose phosphate isomerase (TPI) 
Trios9 phosphate Isomerase (TPI) 
Trios9 phosphate isomerase (TPI) 
Tropomysin clean-product 
Cytoskeletal tropomyosin 
Tropomyosin 
Tropomyosins 1-5 
Transthyretin 
Transthyretin multimere 

Ubiquitin carboxyl-terminal hydrolase isozyme L1 
Ubiquitin carboxyl-terminal hydrolase isozyme L1 
Ubiquitin carboxyl-terminal hydrolase isozyme L1 
Vimentin 

Vimentin-derived protein (vid4) 
Vimentin-derived protein (vid2) 
Vimentin-derived protein (vidl) 
14-3-3 v 



such that p p (f) denotes the rth largest correlation coefficient for pth 
permutation, Hence, the expected correlation coefficient, pj/), was the 
average over the 60 permutations, p E {f) - 2£L , p p ffK60. A scatter plot of 
observed correlations (p(/)) versus the expected correlations is shown in 
Fig. 20. For this study, we chose threshold A - 0.1 15 so that correlation 
would be considered significant if absolute value of difference between 
XO and pS was greater than the threshold. Twenty-nine (including one 
with observed correlation coefficient -0.4672) of 1 65 pairs of gene and 
protein expression were called significant in such criteria, and the 
permuted data generated an average of 5.1 falsely significant pairs of 
gene and protein expression. This provided an estimated false dis- 
covery rate (the percentage of pairs of gene and protein expression 
identified by chance> for our data set. 

RESULTS 

Correlation of Individual Proteins and mRNA Expression 
within Each Tumor- We have examined quantitatively 165 



protein spots on 2D gels representing 98 genes and com- 
pared protein levels with mRNA levels for a cohort of 85 lung 
adenocarcinomas and normal lung samples. Of the 165 pro- 
tein spots, 69 proteins were represented by only one known 
spot on 2D gels for an individual gene, whereas 96 protein 
spots showed multiple protein products from 29 different 
genes. 2D Western blotting verified the proteins Identified by 
mass spectrometry when specific antibodies were available. 
Spearman correlation coefficients of the proteins and their 
associated mRNA for each protein spot were generated using 
all 76 lung adenocarcinomas and nine non-neoplastic lung 
tissues (see Tables I and II, and see Figs. 1 and 2). The 
correlation coefficients (r) ranged from -0.467 to 0.442 (Fig. 
2D). A total of 28 protein spots (21 genes) were found to have 
a statistically significant correlation between expression of 
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Fig. 1. A, digital image of a silver-stained 2D-PAGE separation of a stage I lung adenocarcinoma shout™ nmw e ««t. . 
molecular mass { MW) and isoelectric point (P/). Twenty-eight protein spots vise eS" o5lt ^ ? 
ind.cated by the 6/ac* arrows. 0, the outlined areas of A showingprotein GRP58. C, 20 Astern 
adenocarcinoma ceH line. 0, the outlined areas of A showing the protein isoforms of Op 8 F, 



their protein and mRNA (r > 0.2445; p < 0.05). This accounts 
for 17% (28/165) of the 165 protein spots. Among the 69 
genes for which only a single protein spot was known (Table 
I), nine genes (9/69, 13%) were observed to show a statisti- 
cally significant relationship between protein and mRNA 
abundance (r > 0.2445; p < 0.05). The proteins whose ex- 
pression levels were correlated with their mRNA abundance 
included those involved in signal transduction, carbohydrate 
metabolism, apoptosis, protein post-trahslational modifica- 
tion, structural proteins, and heat shock proteins (Table III). 

Individual Isoforms of the Same Protein Have Different 
Protein/mRNA Correlation Coefficients-Ot the 165 protein 
spots, 96 represent protein products of 29 genes with at least 
two isoforms. Among these 96 protein spots, 19 (19/96 pro- 
tein spots. 20%) showed a statistically significant correlation 
between their protein and mRNA expression if > 0.2445; p < 
0.05) (Table II) and represented 12 genes (12/29, 41%). Individ- 
ual isoforms of the same protein demonstrated different 
protein/mRNA correlation coefficients. For example, 2D -PAGE/ 
Western analysis revealed four isoforms of OP18 differing In 
regards to isoelectric point but similar in molecular weight. 
Three of the four isoforms (spots 1492, 1493, and 1494) showed 
a statistically significant correlation between their protein and 
mRNA abundance (r - 0.3234, 0.3154, and 0.4003, respective- 
ly). The forth isoform (spot 1488) showed no correlation be- 



tween protein and mRNA expression (r = 0.0495). Similarly, just 
one of five quantified isoforms of cytokeratin 8 (spot 439) dem- 
onstrated a statistically significant correlation between protein 
and mRNA abundance (r = 0.3049; p < 0.05) (Table II). 

In addition to differences in the relationship between mRNA 
levels and protein expression among separate isoforms, some 
genes with very comparable mRNA levels showed a 24-fold 
difference in their protein expression. Genes with comparable 
protein expression levels also showed up to a 28-fold vari- 
ance in their mRNA levels. 

Lack of Correlation for mRNA and Protein Expression when 
Using Average Tumor Values across Ail 165 Protein Spots (98 
GenesJ-The relationship between mRNA and protein expres- 
sion was also examined by using the average expression 
values for all samples. To analyze this relationship using this 
approach, the average value for each protein or mRNA was 
generated using atl 85 lung tissue samples. The range of 
normalized average protein values ranged from -0.0646 to 
0.0979 (raw value 0.0036 to 4.1947), and the range for mRNA 
was from 0 to 15260.5 for all .165 individual protein spots. The 
Spearman correlation coefficient for the whole data set (165 
protein spots/98 genes) was -0.025 (Rg. 3A). Even for the 28 
protein spots (Rg. 2D) that were found to have a statistically 
significant correlation between their mRNA and protein, use of 
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Rg. 2. A-C. plots showing the correlation between mRNA and protein for the three selected genes Op1 8 Annexin IV and GAPD f«r nil 7« 
tag , adenocaranomas and nine non-neoplastic lung samples (p < 0.05). O, distribution of all ?65 s££^ 

Xlltt^T" 9 ^ A 7 re f detailed descri P tion of the h Prided under -Experimente. Proc^^^^^ 

of the 1 65 protetas demonstrate a sign.ficant correlation between mRNA and protein levels as demonstrated by the valuesTtewn^H 2l 

outer range of threshold A - 0.1 15. Normalized protein values were used, thus negative values for" * 



the average value resulted in a correlation coefficient value of 
-0.035, which was not significant (Fig. 38). 

Lack of a Relationship between Protein/mRNA Correlation 
Coefficients and Average Protein Abundance-Jo determine 
whether an absolute protein level might influence the corre- 
lation with mRNA, the mean value of each protein (relative 
abundance) and the Spearman protein/mRNA correlation co- 
efficients among all 85 samples were examined. No relation- 
ship between the protein abundance and the correlation co- 
efficients was observed (r = 0.039; p > 0.05). A detailed 
analysis of separate subsets of proteins with differing levels of 
abundance (less than -0.0014, larger than -0.0014, or larger 
than 0.0077) also showed a lack of correlation between mRNA 
and protein expression among the 83 (50%), 82 (50%), and 41 
(25%) of 165 total protein spots, respectively (r = 0.016, 0.08, 
and 0.172, respectively). 

Stage-related Changes in the Protein/mRNA Correlation 
Coefficients—To determine whether the 21 genes (28 protein 
spots) showing a significant correlation between the protein 
and mRNA expression among all samples demonstrate 
changes in this relationship during tumor progression, the 
correlations were examined separately for stage I (n = 57) and 



stage lit (n = 19) lung adenocarcinomas (Table III). The num- 
ber of non-neoplastic lung samples (n = 9) was Insufficient for 
a separate correlation analysis of this group. Many of the 
protein spots represent one of several known protein isoforms 
for a given gene. The majority of genes (1 6/21 ) did not differ in 
the protein/mRNA correlation between stage I and stage III 
tumors indicating a similar regulatory relationship between the 
mRNA and protein spot. GRP-58, PSMC. SOD1. TPI1, and 
VIM, however, were found to demonstrate significant differ- 
ences in the correlation coefficients between stage I and 
stage III lung adenocarcinomas. For GRP-58, PSMC, and VIM 
the change in the correlation coefficient was because of a 
relative increase in protein expression in stage III tumors. For 
SOD and TPI the change resulted from a relative decrease in 
expression of this specific protein in stage III tumors. 

DISCUSSION 

Relatively little is known about the regulatory mechanisms 
controlling the complex patterns of protein abundance and 
post-translational modification in tumors. Most reports con- 
cerning the regulation of protein translation have focused on 
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Table III 

Stage-dependent analysis of protein-mRNA correlation coefficients 
r, correlation coefficient. Values in boldface indicate a significant difference between stage I and stage III. 
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Gene name 


r (Stage I) 


r (Stage til) 


1874 


AKR1B1 


0.269 


0.106 


2524 


ANXA1 


0.184 


0.572 


0994 


ANXA4 


0.660 


0 362 


0963 


ANXA5 


0.241 


0.390 


1314 


DJ-1 


0.363 


0.354 


1405 


FTL 


O 126 


f) 35R 

KJ .\J\J\J 


0855 


GAPD 


0.243 


0.581 


0350 


GRP58 


0.327 


-0.087 


0264 


HNRPK 


0.360 


0.243 


1192 


HSPB3 


0.457 


0.633 


0523 


KRT18 


0.115 


0.371 


0439 


KRT8 


0.323 


0.436 


1492 


LAP 18 


0.483 


0.663 


1536 


LGALS1 


0.200 


0.528 


1252 


PSMC 


0.253 


0.060 


1104 


SFN 


0.465 


0.475 


1454 


SOD1 


0.352 


0.079 


1203 


TPI1 


0.37B 


0.009 


0957 


TPM1 


0\475 


0.225 


0593 


VIM 


-0.054 


0.556 


0935 


YWHAH 


0.283 


0.210 



one or several protein products (18). Celis ef a/. (19) found a 
good correlation between transcript and protein levels among 
40 well resolved, abundant proteins using a proteomic and 
microarray study of bladder cancer. By comparing the mRNA 
and protein expression levels within the same tumor samples, 
we found that 1 7% (28/165) of the protein spots (21/98 genes) 
show a statistically significant correlation between mRNA and 
protein. These proteins appear to represent a diverse group of 
gene products and include those involved in signal transduc- 
tion, carbohydrate metabolism, protein modification, cell struc- 
ture, heat shock, and apoptosis. These results suggest that 
expression of this subset of 1 65 proteins fs likely to be regulated 
at the transcriptional level in these tissues. The majority of the 
protein isoforms, however, did not correlate with mRNA levels, 
and thus their expression is regulated by other mechanisms. We 
also observed a subset of proteins that demonstrated a nega- 
tive correlation with the mRNA expression values; for example 
^-haptoglobin demonstrated a strong negative correlation with 
its mRNA expression values. This may reflect negative feedback 
on the mRNA or the protein or the presence of other regulatory 
influences that are not understood currently. 

Post-translational modification or processing will result in 
individual protein products of the same gene migrating to 
different locations on 2D- PAGE gels (20). Because the identity 
of all possible isoforms for each protein examined has not 
been characterized completely, this may influence the corre- 
lation analyses performed in this study. This is partly because 
of limitations of the 2D-PAGE and mass spectrometry tech- 
nologies (21, 22). Potential inconsistencies between mRNA 
and protein correlations that have been reported may also be 
because of differences, even in the same gene, in the mech- 



Function 

Carbohydrate metabolism; electron transporter 
Phospholipase Inhibitor; signal transduction 
Phospholipase inhibitor 

Phospholipase Inhibitor; calcium binding; phospholipid binding 
Signal transduction 
Iron storage protein 

Carbohydrate metabolism (glycolysis regulation) 
Signal transduction; protein disulfide isomerase 
RNA-binding protein (RNA processing/modification) 
Heat shock protein 
Structural protein 
Structural protein 

Signal transduction; cell growth and maintenance 
Apoptosis; ceil adhesion; cell size control 
Protein degradation 

Signal transduction (protein kinase C inhibitor) 

Oxidoreductase 

Carbohydrate metabolism 

Structural protein (muscle); control of heart 

Structural protein 

Signal transduction 



anisms of protein translation among different cells or as 
measured in different laboratories (23). 

In this study, we examined 165 protein spots identified in 
lung adenocarcinomas. Ninety-six protein spots, representing 
the products of 29 genes, contained at least two protein 
isoforms. Nineteen of 96 protein spots, representing 12 
genes, were shown to have a statistically significant correla^. 
tion between their protein and mRNA expression, suggesting 
that the levels of these proteins reflects the transcription of the 
corresponding genes. Differences in protein/mRNA correlations 
were found among the individual isoforms of a given protein. For 
example, of the four OP1 8 isoforms, three showed a statistically 
significant correlation between the protein and mRNA expres- 
sion levels. The lack of relationship for the one isoform, how- 
ever, indicates that individual protein isoforms of the same gene 
product can be regulated differentially. This is not unexpected 
and likely reflects other post-translational mechanisms that can 
influence isoform abundance in tissues and cancer. 

In addition to the analyses of the correlation of mRNA/ 
protein within the same tumor samples, we also tested the 
global relationship between mRNA and the corresponding 
protein abundance across all 165 protein spots in the lung 
samples. A protein and mRNA average value for each gene 
was generated using all 85 lung tissues samples. We ob- 
served a very wide range of normalized average protein and 
mRNA values. The correlation coefficient generated using this 
average value data set was -0.025, and even for the 28 
protein spots that showed a statistically significant correlation 
between individual mRNA and proteins, the correlation value 
was only -0.035. This suggests that it is not possible to 
predict overall protein expression levels based on average 
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Fig. 3. The overall correlation of 
mRNA and protein levels across all 
165 protein spots (A) and across 28 
protein spots that contained Individ- 
ual r values larger than 0.244 (8) are 
shown. Each protein or mRNA mean 
value was calculated based on all 76 
lung adenocarcinomas and nine non- 
neoplastic lung samples using quantita- 
tive 2D-PAGE and Affymetrix oligonu- 
cleotide microarrays. The Spearman 
correlation coefficients for the two data 
sets (A and B) were -0.025 and -0,035, 
respectively, indicating a lack of correla- 
tion if mean values for mRNA and protein 
for alt samples is used. 
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mRNA abundance in lung cancer samples. This conclusion is 
also supported by previous results from Anderson and Seil- 
hamer (24), who examined 19 genes in human liver cells, and 
by Gygi ef a/. (25), who examined 106 genes in yeast. Both 
studies found a lack of correlation between mRNA and protein 
expression when average or overall levels were used. 

A good correlation was reported when the 11 most abun- 
dant proteins were examined in yeast (25) t suggesting that the 
level of protein abundance may be a factor that may influence 
the correlation between mRNA and protein. In the present 
study, a fairly wide range of mean protein values among 165 
protein spots in lung adenocarcinomas was observed, and 
the correlation coefficients also varied from -0.467 to 0.442. 



A comparison between the mean value of each protein and 
the correlation coefficient generated using all 85 tissue sam- 
ples did not reveal a strong relationship between the overall 
protein abundance and the correlation coefficients (r = 0.039; 
p > 0.05). Detailed analysis of different subsets of protein abun- 
dance also failed to show a correlation between mRNA and 
protein expression. Thus in contrast to yeast, a relationship 
between mRNA/protein correlation coefficient and protein 
abundance in human lung adenocarcinomas was not observed. 

The results of this study indicate that the level of protein 
abundance in lung adenocarcinomas is associated with the 
corresponding levels of mRNA in 17% (28 proteins) of the 
total 165 protein spots examined. This was substantially 
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higher than the amount predicted to result by chance alone 
(which was 5.1) and suggests that a transcriptional mecha- 
nism likely underlies the abundance of these proteins in lung 
adenocarcinomas. We also demonstrate that the expression 
of individual isoforms of the same protein may or may not 
correlate with the mRNA, indicating that separate and likely 
post-translational mechanisms account for the regulation of 
isoform abundance. These mechanisms may also account for 
the differences in the correlation coefficients observed between 
stage I and stage III tumors, indicating that specific protein 
isoforms show regulatory changes during tumor progression. 
Further studies in lung adenocarcinomas will examine the rela- 
tionship between the expression of individual protein isoforms 
and specific clinical-pathological features of these tumors, such 
as the presence of angiolymphatic invasion, and nodal or pleu- 
ral surface involvement. The potential to identify specific protein 
isoforms associated with biological behavior in lung adenocar- 
cinomas would be of considerable interest and will add to our 
understanding of the regulation of gene products by transcrip- 
tional, translations, and post-translational mechanisms. 
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An increased high-mobility group A2 expression level is associated with 
malignant phenotype in pancreatic exocrine tissue. 

Abe_N , Watanabc T, Suzulci Y . Matsumoto N . Masaki T . Mori T . Sugiyama M 
Chjappctta G , Fusco A , A to mi Y . 

First Department of Surgery, Kyorin University School of Medicine, 6-20-2 Shinkawa 
Milaka, Tokyo 181-861 1, Japan, abenbtg@kyoriu-u.acjp 

The altered form of the high-mobility group A2 (HMGA2) gene is somehow related to 
the generation of human benign and malignant tumours of mesenchymal origin 
However, only a few data on the expression of HMGA2 in malignant tumour originating 
from epithelial tissue are available. In this study, we examined the HMGA2 expression 
level in pancreatic carcinoma, and investigated whether alterations in the HMGA2 
expression level are associated with a malignant phenotype in pancreatic tissue. High- 
mobility group A2 mRNA and protein expression was determined in eight surgically 
resected specimens of non-neoplastic tissue (six specimens of normal pancreatic tissue 
and two of chronic pancreatitis tissue) and 27 pancreatic carcinomas by highly sensitive 
reverse transcriptase-polymerase chain reaction (RT-PCR) techniques and 
immunohistochemical staining, respectively. Reverse transcriptase-polymerase chain 
reaction analysis revealed the expression of the HMGA2 gene in non-neoplastic 
pancreatic tissue, although its expression level was significantly lower than that in 
carcinoma. fmmunohistochemicaJ analysis indicated mat die presence of the HMGA2 
gene in non-neoplastic pancreatic tissue observed in RT-PCR reflects its abundant 
expression in islet cells, together with its focal expression in duct epithelial cells. Intense 
and multifocal or diffuse HMGA2 immunoreactivity was noted in all the pancreatic 
carcinoma examined. A strong correlation between HMGA2 overexpression and the 
diagnosis of carcinoma was statistically verified. Based on these findings, we propose 
that an increased expression level of .the HMGA2 protein is closely associated with the 
malignant phenotype in the pancreatic exocrine system, and accordingly, HMGA2 could 
serve as a potential diagnostic molecular marker for distinguishing pancreatic malignant 
cells from non-ncoplastic pancreatic exocrine cells. 
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extracts. Jf these roihoT cell proteins differ among cells to the same extent as the 
more abundant proteins, as is commonly assumed, only a small number of pro- 
tein differences (perhaps several hundred) suffice to create very large differences 
in cell morphology and behavior. 

A Cell Can Change the Expression of Jts Genes 
in Response to Externa] Signals 3 

Most of the specialized cells in a multicellular organism are capable of altering 
their patterns of gene expression in response to extracellular cues. If a liver cell 
is exposed to a glucocorticoid hormone, for example, the production of several, 
specific proteins is dramatically increased. Glucocorticoids are released during 
periods of starvation or intense exercise and signal the liver to increase the 
production of glucose from amino acids and other small molecules; the set of 
proteins whose production is induced includes enzymes such as tyrosine amino- 
transferase, which helps to convert tyrosine to glucose. When the hormone is no 
longer present, the production of these proteins drops to its normal level. 

Other cell types respond lo glucocorticoids in different ways. In fat cells, for 
example, ihe production of tyrosine aminotransferase is reduced, while some 
other cell types do not respond to glucocorticoids at all. These examples illustrate 
a general feature, of cell specialization— different cell types often respond in dif- 
ferent ways to the same extracellular signal. Underlying (his specialization are 
features that do not change, which give each cell type its permanently distinc- 
tive character. These features reflect the persistent expression of different sets of 
genes. 

Gene Expression Can Be Regulated at Many of the Steps 
in the Pathway from DNA to RNA to Protein 4 

If differences between ihc various cell types of an organism depend on ihe par- 
licolar genes thai the cells express, at what level is the control of gene expression 
exercised? There are many steps in ihe pathway leading from DNA to protein, and 
all of them can in principle be regulated. Thus a cell can control the proteins it 
makes by I J) controlling when and how often a given gene is transcribed (tran- 
scriptional control), (2) controlling how the primary RNA transcript is spliced or 
otherwise processed (RNA processing control), (S) selecting which completed 
mRNAs in the cell nucleus are exported to the cytoplasm (UNA transport con- 
trol). (-1) selecting which mRNAs in the cytoplasm are translated by ri bosom es 
Uranslalional control), (5) selectively destabilizing certain mKNA molecules in 
the cytoplasm {mKNA degradation control), or (6) selectively activating, inacti- 
vating, or compartmentalizing specific protein molecules after they have been 
made (protein activity control) (Figure 0-2). 

I- oi most genes transcriptional controls are paramount. This makes .sense 
because, of all the possible control points illustrated in Figure 0-2, only transcrip- 
tional council ensures that no superfluous intermediates are synthesized. In the 
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Summary 

The many types of t ells in animals twtl plants ore created largely through mecha- 
nisms that cause different genes to he transcribed in different cells. Since many spe- 
cialize*! nnitmd cells can maintain their uniipte character when grown in culture, the 
gene regulatory mechnnistns involved in creating them mast he stable once est id)- 
fished oral heritable when the cell divides, endowing the cell with a memory of its 
developmental history. Procaryotes ami yeasts provide a a usually accessible model 
systems in which to study gene regulatory mechanisms, some of which may be rel- 
evant to the creation of specialized cell types in higher encoryotes. One such mecha- 
nism involves a competitive interaction between two lor more) gene regulatory pro- 
teins, each of which inhibits the synthesis of the other; this can create a flip-flop 
switch tfmt switches a cell between two alternative patterns of gene expression. Di- 
rect or indirrct positive feedback loops, which enable gene regulatory proteins to 
perpetuate their own synthesis, provide a general diechanism for cell memory. 

tn eucuryotes gene transcription is generally controlled by combinations of gene 
regulatory proteins, ti is thought ihot each type of cell in a higher enaayoth: organism 
Contains a specific combination of gene rcgnhtlory proteins that ensures the expres- 
sion of only those genes appropriate to that type of cell. A given gene regulatory pro- 
tein amy be expressed in o variety of circumstances and typically is involved it) lite 
regulation of many genes. 

tn addition to dijfnsihle gene regulatory proteins, inherited states of chromatiti 
comlensatittn to e also utilized by encaryofic cells to regulate gene expression. In ver 
tebrntes UNA methylation also plays a part, mainly as a device ti) reinforce decisions 
about t^ene expression that are outtle initially by other ntechartisms. . 
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from UNA to'pioii-in lo mni dilate ihe amonrtl ol'^ene proiluei that is made. Al- 
though iIitm- post transcriptional controls, whieh operate alter RNA polymerase 
has hitund o> fli*' :*ene s promoter hee,tm UNA synthesis, are less o>mmon 
ill. m iimiM i iptional cantrtri. lor many er-nes they aie emr.ial. h seems thai evety 
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FROM DNA TO RNA 

Transcription and translation are the means by which cells read out, or.express, 
the genetic instructions in their genes. Because many identical KNA copies can 
be made from the same gene, and each RNA molecule can direct the synthesis 
of many identical protein molecules, cells can synthesize a large amount of 
protein rapidly when necessary. Bui each gene can also be transcribed and 
translated with a different efficiency, allowing the cell to make vast quantities of 
some proteins and tiny quantities of others (Figure 6-3). Moreover, as we see in 
the next chapter, a cell can change (or regulate) the expression of each of its 
genes according to the needs of the moment— most obviously by controlling 
the production of its RNA. 

Portions of DNA Sequence Are Transcribed into RNA 

The first step a cell takes in reading out a needed part of its genetic instructions 
is to copy a particular portion of its DNA nucleotide sequence— a gene— imp an 
RNA nucleotide sequence. The information in RNA, although copied inio another 
chemical form, is still written in essentially the same language as it is in DNA— 
the language of a nucleotide sequence. Hence the name transcription. 

Like DNA, RNA is a linear polymer made of four different types of nucleotide 
subunits linked together by pbosphodiester bonds (Figure 6--I). It differs from 
DNA chemically in two respects: (I) the nucleotides - in RNA are 
ribonuvIcoiUes—\hii} is. they contain the sugar ribose (hence the name //^nu- 
cleic acid) rather than deo,vyribose; (2) although, like DNA, RNA contains the 
bases adenine (A), guanine lC>, and cylosine fC). it contains the base uracil (U) 
instead of the thymine (T) in DNA. Since U, likeX can base pair by hydrogen- 
bonding with A {Figure 6-5). the complementary base-pairing properties 
described for DNA in Chapters -I and 5 apply also to RNA tin RNA, G pairs with 
C r and A pairs with U). It is not uncommon, however. io find other types of base 
pairs in RNA: for example, G pairing with U occasionally. 

Despite these small chemical differences, DNA and RNA differ quite dra- 
matically in overall si met me. Whereas DNA always occurs in cells as a double- 
stranded helix, RNA is single-stranded. RNA chains therefore fold up into a 
variety of shapes, just as a polypeptide chain folds up io form the final shape of 
a protein (Figure 6-6.1. As we see later in this chapter., the ability to fold into corn- 
plex three-dimensional shapes allows some RNA molecules to have Mmctural 
and catalytic functions. 



Transcription Produces RNA Complementary to 
One Sirhnd of DNA 

AJI ol the RNA in a cell is made by DNA transcription, a process that ha;, cer- 
tain similarities to the process ol DNA replication discussed in Chapter ^. 
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Figure 6-3 Genes can be expressed 
with different efficiencies. Gene A is 
transcribed and translated much more 
efficiently than gene B.This allows the 
amount of protein A ir> the cell to be 
much greater than that of protein B. 
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INITIATION OF TRANSCRIPTION 



DNA 



Figure 6-90 The production of a 
protein by a eucaryotk cell. The final 
level of each protein in a eocaryotic cell 
depends upon the efficiency of each step 
depicted. 
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tire 6-90) could be regulated by the ceil for each individual protein. However, as 
we shall see in Chapter 7, the initiation of nansoiption is ihe most common 
point for n cell to legulate the expression oi each of its genes. This makes sense, 
inasmuch as the most efficient way to keep a gene horn being expressed is to 
block the very Inst step — ihe t t ansa ipi ion of its DNA sequence into an RNA 
molecule. 



Summary 

The translation of the nucleotide sequence of an mlhVA molecule into protein takes 
place, in the cytoplasm on a targe ribonncleoprotein assembly colled n ribosorne. The 
amino acids used for protein synthesis are first nlinchetl lo a fondly of tHNA 
molecules, each of Which recognizes, by complementary btcse- pair interactions, par- 
ticular sets of three nucleotides in ihe nrUNA (cottons). Ihe setjuence of nucleotides in 
the mRNA is then renil from one end to the other in sets of three acconling to the 
genetic code. 

To initiate translation, a small tibosomal subnnit biruls to the inllNA mofectde 
at a start codon (AUG) that is recognized by a uniipte initiator tlWA molecule. A 
large tibosomal snlnntit binds to complete the ribosorne anil begin the elongation 
phase of pttrtein synthesis. During this phase, amimtncyl tHNAs — each bearing a 
specific amino acid bind sequentially to the appropriate eoth>n in mlh\'A byfotming 
complemeritatv base pairs u:ith the tHi\y\ anticmhoi. Each tnnino acid is folded to the 
C- terminal end of the groicing polypeptide by means nf a cycle of three setptcntial 
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Figure 7-5 Six steps at which 
eucaryotic gene expression can be 
controlled. Controls that operate at 
steps I through 5 are discussed in this 
chapter. Step 6, the regulation of protein 
activity, includes reversible activation or 
inac ovation by protein phosphorylation 
(discussed in Chapter 3) as well as 
irreversible inaaivation by proteolytic 
degradation (discussed in Chapter 6). 



Gene Expression Can Be Regulated at Many of the Steps 
in the Pathway from DNA to RNA to Protein 

If differences among the various cell lypes of an organism depend on the partic- 
ular genes that^e cells express, at what level is the control of gene* expression 
exercised? As we^saw in the last chapter, there are many steps in the pathway 
leading from DNA to protein, and all ol them can in principle be regulated. Thus 
3 cell can control the proteins it makes by (t) controlling when and how often a 
given gene is transcribed I transcript iona] control), (2) controlling how the RNA 
transcript is spliced or otherwise processed (UNA processing control), H) 
selecting which completed mHNAs in the cell nucleus are exported to the cylosol 
and determining where in the cylosol they are localized (RNA transport ;md 
localization control), (4) selecting which roRNAs in the cytoplasm are translated 
by ribosomes (translations! control), (5) "selectively destabilizing certain mRNA 
molecules in the cytoplasm (mRNA degradation control), or ((">) selectively acti- 
vating, inactivating, degrading, or compartmentalizing specific protein 
molecules after they have been matte (protein activity control) (Figure 7-!>). 

For most genes transcriptional controls are paramount. This makes sense 
because, of all the possible control points illustrated in Figure 7- r >, only tran- 
scriptional control ensures that the cell will not synthesize superfluous in tei me- 
diates. In the following sections 'we discuss the DNA and protein components 
:liat perform this function by regulating the initiation ol gene transcript ion. We 
shall return at the end of the chapter to the additional ways ol regulating gene 
• v.pression. 



Nummary 

Ike genome of a cell contains in its DNA sapience the information to moke, many 
thousands of different protein and UNA molecules. A cell typically expresses only a 
j ruction of its genes, and the different types of cells in multicellular organisms ansa 
demise different sets of genes arc expressed. Moreover, cells can change the pattern 

genes they express in response to changes in their environment, such as signals 
V?m other cells. Although all of the steps involved in expressing a gene can in prin- 
-.-.pie be regulated, for most genes the initiation of RNA transcription is the most 

port ant point of control. 



ow does a cell determine which ol its thousands ol" genes to transcribe' As ' 
rationed briefly in Chapters .1 and K. (he nansci iption of each gene is con- 
■iJcd by a irgulnioiy region ol DNA relatively near the i i t e where nansci iption 
;ins. Some regulatory regions are simple ami an as switches thai air thmwn 
single signal. Many others are • ornpl.-:-. and a..t as tiny micK.pioa-ss.M-;." 
ponding to a variety of signals that ihi-v interpret and integrate to switch the 
:; ; *hbottnggeneon ot off. Whether complex or simple, these swiiching device-; 
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Selective apoptosis of natural killer-cell tumours by l-asparaginase. 

Ando M Sugimoto K , Kitoh T , Sasaki M , Mukai K , Ando J , Egashira M , Schuster 
SM , Oshimi K . 

Department of Haematology, Juntendo University School of Medicine, Tokyo, Japan. 

We examined the effectiveness of various anti -tumour agents to natural killer (NK)-cell 
tumour cell lines and samples, which are generally resistant to chemotherapy, using flow 
. cytometric terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end- 
labelling (TUNEL) assay. Although NfC-YS and NK-92 were highly resistant to various 
anti r tumour agents, ^asparaginase induced apoptosis in these two NIC-cell lines. NK-cell 
leukaemia/lymphoma and acute lymphoblastic leukaemia (ALL) samples, were . 
selectively sensitive to l-asparaginase and to doxorubicin (DXR) respectively. Samples of 
chronic NK lymphocytosis, an NIC-cell disorder with an indolent clinical course, were 
resistant to both drugs. Our study clearly separated two major categories of NK-cell 
disorders and ALL according to the sensitivity to DXR and I-asparaginase- We examined 
asparagine synthetase levels by real-time quantitative polymerase chain reaction (RQ- 
PCR) and iinmiinostalning in these samples. At least in nasal-type NK-cell lymphoma, 
there was a good correlation among asparagine synthetase expression, in vitro sensitivity 
and clinicalresponse to l-asparaginase. In aggressive NK-cell leukaemia, although 
asparagine synthetase expression was high at both mRNA and protein levels, l- 
asparaginase induced considerable apoptosis. Furthermore, samples of each disease entity 
occupied a distinct area in two-dimensional plotting with asparagine synthetase mRNA 
level (RQ-PCR) and in vilrol-asparaginase sensitivity (TUNEL assay). We confirmed 
rather specific anti-tumour activity of l-asparaginase against NK-cell tumours in vitro, 
which provides an experimental background to the clinical use of l-asparaginase for NK- 
cell tumours. 
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Human thyroid carcinoma cell lines and normal thyrocytes: expression 
and regulation of matrix metaUoproteinase-1 and tissue matrix 
metalloproteinase inhibitor-1 messenger-RNA and protein. 

Aust G, Hofmann A„ Laue S, Rost A. Kohler T » Scherbaum WA . 

Institut of Anatomy, University of Leipzig, Germany. 

Matrix metalloproteinase- 1 (MMP-1) and tissue matrix metalloproteinase inhibitor 1 
(TIMP-I) play an important role in remodeling the extracellular matrix in normal and 
pathological processes. The effect of phorbol-myristate acetate (PMA), interleukin-1 (1L- 
1), and rumor necrosis factor-alpha (TNF-aipha) on MMP-1 and TIMP-1 expression was 
studied on highly purified thyrocytes and undifferentiated 8505 C, C 643, HTh 74, SW 
1736 thyroid carcinoma cells compared with thyroid-derived fibroblasts. Messenger RNA 
(mRNA) levels were monitored by competitive semiquantitative reverse transcriptase 
polymerase chain reaction (RT-PCR) after 24 hours. Culture supernatants were assayed 
for free and/or complexed MMP-1 and TIMP-1 after 48 hours using enzyme-linked 
immunosorbent assay (ELI S A) systems (detection limit: <2 ng/mL). MMP-1 and TIMP-1 
mRNA were present in all cell types, although thyrocytes showed MMP-1 mRNA levels 
near the detection limit. 8505 C expressed MMP-1 mRNA levels of up to 10(6) times 
those of the other cells analyzed. PMA and 1L-1 increased MMP-1 mRNA in most cell . 
types. TLMP-1 mRNA increased after treatment with PMA in all cells except 8505 C, 
whereas only slight effects were shown after IL-1 stimulation. MMP-1 protein was- 
undetectable in normal thyrocyte cultures, but was secreted spontaneously by all cell 
lines ([ng/mL]; C 643: 15+/-7; HTh 74: 81+/-1; SW 1736: 13+/-2; 8.505 C: 2097+/-320). 
There was a strong correlation between levels of MMP-1 mRN A and protein (r = 0.99, p 
< .0001). PMA and IL-1 increased MMP-1 secretion in all cell types after 48 hours. 
Fibroblasts ((ng/mL) 517+/-55) and the cell lines (C 643: 142+/-48; HTh 74: 1 15+/-13; 
SW 1736: 202+/-14; 8505C: 120+/- 19) secreted TIMP-1 in unstimulated cultures, 
whereas only a trace amount was detected in thyrocyte cultures, even after PMA 
treatment. IL-1 upregulated TIMP-I secretion after 48 hours in SW 1736, HTh 74, and C 
643 cells. Our data suggest that in contrast to normal thyrocytes, dedifferentiated thyroid 
carcinoma cell lines are potential producers of MMP-1 as well as TIMP-I. High MMP-1 
or MMP-1/T1MP-1 expression may play a role in tissue invasion of undifferentiated 
thyroid cancer cells. 

PMID: 9349574 [PubMcd - indexed for MEDLINE] 
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Human Thyroid Carcinoma Cell Lines and Normal 
Thyrocytes: Expression and Regulation of Matrix 
Metalloproteinase-! and Tissue Matrix Metalloproteinase 

Inhibitor-1 Messenger-RNA and Protein 

G. AUST, 1 A. HGFMANN, 2 S. LAUE, 2 A. ROST, 3 T. KOHLER, 3 and W.A. SCHERBAUM 4 

/ ABSTRACT 

Matrix metalloproteinase- 1 (MMP-1) and tissue matrix metalloproteinase inhibitor 1 (T1MP-1) play an impor- 
tant role in remodeling the extracellular matrix in normal and pathological processes. The effect of phorbol-myris- 
tate acetate (PMA), inter leu kin- 1 (EL-1), and tumor necrosis fact or- a (TNF-tr) on MMP-1 and T1MP-1 expres- 
sion was studied on highly purified thyrocytes and undifferentiated 8505 C, C 643, HTh 74, SW 1736 thyroid 
carcinoma cells compared with thyroid-derived fibroblasts. Messenger RNA (mRNA) levels were monitored by 
competitive semiquantitative reverse transcriptase polymerase chain reaction (RT-PCR) after 24 hours. Culture 
supernatants were assayed for free and/or complex ed MMP-1 and TlMP-1 after 48 hours using en2yrne-linked 
immunosorbent assay (EL1SA) systems (detection limit; < 2 ng/mL). MMP-1 and T1MP-1 mRNA were present in 
all cell types, although thyrocytes showed MMP-1 mRNA levels near the detection limit. 8505 C expressed MMP- 
1 mRNA levels of up to 10 6 times those of the other cells analyzed. PMA and JUL- 1 increased MMP-1 mRNA in 
most cell types. T1MP-1 mRNA increased after treatment with PMA in all cells except 8505 C, whereas only 
slight- effects were shown after EL-1 stimulation. MMP-1 protein was undetectable in normal thyrocyte cultures, 
but was secreted spontaneously by all cell lines ([ng/mL]; C 643: 15 ± 7; HTh 74: 81 ± 1; SW 1736: 13 + 2; 
8505C: 2097 ± 320). There was a strong correlation between levels of MMP-1 mRNA and protein (r= 0.99, 
p < .0001). PMA and IL-1 increased MMP-1 secretion in all cell types after 48 hours. Fibroblasts ([ng/mL] 517 ± 
55) and the cell lines (C 643: 142 ± 48; HTh 74: 115 ± 13; SW 1736: 202 ± 14; 8505 C: 120 ± 19) secreted 
TIMPtI in unstimulated cultures, whereas only a trace amount was detected in thyrocyte cultures, even after PMA 
treatment. IL-1 upregulated HMP-1 secretion after 48 hours in SW 1736, HTh 74, and C 643 cells. Our data 
suggest that in contrast to normal thyrocytes, dedifferentiated thyroid carcinoma cell lines are potential produc- 
ers of MMP-1 as well as T1MP-1. High MMP-1 or MMP-1/T1MP-1 expression may play a role in tissue inva- 
sion of undifferentiated thyroid cancer cells. 



INTRODUCTION 

MATRIX METALLOPROTEINASES, (MMPs) constitute 3 
family of structurally related proteolytic enzymes re- 
sponsible for the proteolytic degradation of extracellular 
matrix (ECM) components. They are important partici- 
pants tn normal Tissue remodeling and contribute to the 
phenorype of several pathological conditions that are as- 
sociated with progressive ECM degradation. MMPs are 
highly regulated at different levels (I). At the transcrip- . 
tional level, MMP expression can be directly induced or 



suppressed on external stimulation, ie, with cytokines, 
phorbol 12-inyristate 13-acctate (PMA), lipopolysaccaride 
(LPS), or retinoic acid (2,3). After secretion at post-uan- 
scriptional level, latent MMP proenzymes are regulated by 
proteolytic activation and interaction with tissue inhibitors 
of matrix metalloproteinase (TIMPs), their specific in- 
hibitors. Any imbalance between the proteolytic MMPs ac- 
tivities and the TIMPs that could be influenced and caused 
by cytokines could potentially lead to pathological condi- 
tions (4). 

MMP-1, although known as an interstitial collage nase T 
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is the only enzyme active at neutral pH that can degrade 
extracellular fibers comprised of collagen types I, II, and 
HI. With this initial step, MMP-1 provides the cleavage 
products to other collagenase types (5). The major specific 
inhibitor of MMP-1 is TIMP-1, a 28.5-kd glycoprotein, 
which forms 1:1 stoichiometric complexes with the pro- 
tease (6). Cytokines and growth factors have been shown 
to regulate the expression of both MMP-1 "and TlMP-j 
(5,7,8). 

Although the participation of MMP-1 as the initial col- 
lagenase in tissue breakdown during tumor development is 
well documented (9-11), only one study has described the 
expression (12) but no study has as yet investigated the reg-; 
ulation of this enzyme in different thyroid rumors. Few stud- 
ies have been published investigating the role of other 
MMPs in normal and pathological thyroid tissue by in situ 
hybridization and immunohistochemistry (13-16). Fur- 
thermore, tissue remodeling includes both the action of 
MMPs and their inhibitors; thus, these enzymes could be 
involved in autoimmune and other nonautoimmune thyroid 
diseases during morphological changes (17,18). It is still un- 
known whether or not thyrdcytes are able to express MMPs 
and TIMPs. Although type IV collagenases (MMP-2 and 
MMP-9) were detected in various human epithelial cells of 
different tissue origin (19,20), only one study described the 
secretion of MMP-1 by epithelial cells (21). 

Highly purified normal thyrocytes and four thyroid car- 
cinoma cell lines were included in this study to investigate 
the involvement of these cells in MMP-1 and TIMP-1 pro- 
duction during thyroid tissue remodeling processes and in 
malignant thyroid neoplasms. MMP-1 and TIMP-1 ex- 
pression were studied at both the mRNA and protein level 
by semiquantitative RT-PCR and ELISA measurement, re- 
spectively. 

In unstimulated carcinoma cell lines both MMP-1 and 
TIMP-1 mRNA were expressed, partly at a high level, fol- 
lowed by the spontaneous secretion of the proteins. The 
various conditions for the stimulation of the different cell 
lines by cytokines and PMA were defined. In contrast to 
the cell lines, normal thyrocytes did not secrete MMP-1 
and only trace amount of TIMP-1, even after stimulation 
with PMA. 



MATERIALS AND METHODS 

Preparation of ttssttes, thyroid- derived cells, and 
cell lines 

Thyrocytes were prepared from surgical thyroid speci- 
mens from 3 patients {] Graves' disease, 2 nontoxic goi- 
ter; mean age 543 ± 5.0 years). Fibroblasts were separated 
from thyroid tissue of 5 other patients (3 Graves' disease, 
2 nontoxic goiter; mean age 43.6 ± 6.4 years). Graves' dis- 
ease and nontoxic goiter were diagnosed on the strength 
of clinical, biochemical, and immunologic fearurcs as well 
as thyroid scintiscans. 

Thyroid tissue was trimmed of fat and connective tissue 
immediately after surgery. Thyroidrderived cells were en- 
riched after gradual enzymatic digestion of tissue and cul- 
tured over a period of 16 hours as described. Thyrocytes 
wete obtained from the adherent fraction by. incubating 
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the cell monolayer with phosphate buffered saline (PBS) 
without Ca 2 ~/Mg 2+ for 45 minutes (22). Residual fibro- 
blasts were removed after subsequent incubation of the 
cells with the fibroblast-specific mab FibASOl (22) and 
goat-anti-mouse IgG-DYNABEADS® M450 (DYNAL, 
Hamburg, Germany) according to the manufacturer's pro- 
tocol. 

Thyroid-derived fibroblasts were obtained after culturing 
small pieces of thyroid tissue in Dulbeccos's Modified Ea- 
gle's Medium (DMEM) with 10% fetal calf serum (FCS) 
and harvested in the 5th to 7th passage. The purity of the 
thyrocytes and fibroblasts was determined by using indirect 
immunofluorescence technique on a FACS-Scan (Becton 
Dickinson GmbH, Heidelberg, Germany) as described (22)1 

The following human anaplastic thyroid carcinoma cell 
lines were cultured in DMEM with 10% FCS: C 643 (23)* 
SW 1736 (23); and HTh 74 (24). The cell line 8505 C (25) 
was purchased from the German Collection of Microorr 
ganisms and Animal Cell Cultures (DSM ACC219). This 
cell line was established from a primary thyroid tumor 
characterized histologically as a undifferentiated carcinoma 
that was partially composed of poorly differentiated pap- 
illary cells (25). This is a feature of a subgroup of anaplas- 
tic carcinoma (26). The majority of these coexistent better 
differentiated carcinoma foci in anaplastic carcinoma were 
papillary (26); 

In vitro cultures 

Using 24- well plates, 1 X JO 5 cells were cultured for 24 
hours. The medium was aspirated and replaced with 500 
/iL OPTI-MEM (G3BCO BRL, Grand Island, NY) without 
FCS to eliminate possible stimulation of MMP-1 arid 
TIMP-1 production by FCS. The medium contained the 
desired concentration of human IL-la (10 U/ml; Pepro 
Tech EC Ltd., London, UK), TNF-a (100 U/mL; Pepro 
Tech EC Ltd.), interferon- y (IFN-y) (500 U/mL; Pepro 
Tech EC Ltd.), or 10 ng/mL PMA (SIGMA)! 

Triplicate cultures of each stimulator were analyzed af- 
ter 3, 6, and 24 hours at the mRNA and after 24 and 48 
hours at the protein level. The supematants were removed 
and stored at - 80*C for funher use. First, a collagenolytic 
assay based on the digestion of type I collagen was per- 
formed. This method showed direct evidence of free pro- 
MMP : 1 enzyme in the cell culture supernatants of un- 
stimulated and IL-la stimulated 8505 C, HTh 74, and 
C634 cells (data not shown). However, the method does 
not allow quantitation of MMP-1 enzyme activity. Thus, 
the cell culture supernatants were assayed for MMP-1, 
TIMP-1, and MMPl/TJMP-1 complex by EJJSA (Amer- 
sham Life Sciences, Braunschweig, Germany). The MMP- 
1 assay (sensitivity: 1.7 ng/mL) detected only total human 
MMP-1, ie, free MMP-1 and MMP-1 complexed with in- 
hibitors such as TIMP-1. It did not detect MMP-1 bound 
by the nonspecific protease inhibitor o 2 -macroglobujin. 
The MMP-J/T1MP--J assay (sensitiviry; 1.5 ng/mL) de- 
tected MMP-1/TIMP-] complex, ie, activated MMP-1 that 
has been subsequently complexed with the specific MMP- 
I inhibitor TIMP-1. It did not detect free active MMP-1, 
free I IMP- 1, or pro-MMP-L There was no cross-reactiv- 
ity with active MMP-1 bound by the nonspecific protease 
inhibitor o r microglobulin. The T1MP-.I assay (sensitiviry: 
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1.25 ng/mL) detected total human TIMP-1, ie, free TIMP- 
1 and that completed with MMPs. The assay did fully 
cross-react with TIMP-1 in complexes with other MMP. 
It did not cross-react with TIMP-2. 

RNA extraction and cDNA synthesis 

For gene expression studies, 5 mL RNAzolp* B (Biotex 
Laboratories Inc., Houston, TX) was added to the cell cul- 
ture wells. The content of three wells of any cell type was 
pooled and then stored frozen for further mRNA analysis 
in. liquid nitrogen. Total cellular RNA (cDNA) was iso- 
lated from the probes according to the manufacturer's pro- 
tocol. RNA was fractionated on a denaturing 1.0% agarose 
gel and stained with ethidium bromide to confirm that, 
spectrophotometry measurements were accurate arid that 
the RNA had not been degraded. Five micrograms total 
RNA was reverse-transcribed to cDNA using the First- 
strand cDNA synthesis kit of Pharmacia (Uppsala, Swe- 
den), in a total reaction volume of 1 5 /xL. 

mRNA analysis by competitive RT-PCR 

To correct for variations across different cDNA prepa- 
rations, all samples were first adjusted to contain equal in- 
put gryceraIderyde-3-phosphate dehydrogenase (GAPDH) 
cDNA concentrations. Semi-quantitative GAPDH RT-PCR 
was used with a heterologeous synthetic competitor frag- 
ment. "The generation of the specific PCR products from 
the competitor and the cDNA with the GAPDH primers 
were published earlier (22,27). 

. We then estimated the MMP-1 and TLMPrl cDNA in 
these adjusted samples. The primers were selected using the 
DNAsis computer program (Hitachi Software Engineering 
Co, Yokohama, Japan). The primer pairs span one or more 
introns to allow unambiguous discrimination between 
cDNA and unwelcome contaminating genomic DNA. In 
quantifying MMP-1 and TIMPtI cDNA, a rapid one-step 
method was introduced to synthesize an internal homolo- 
geous competitor (plan diagram of procedure: Fig. 1, ex- 
emplary for MMP-1 (28J. A hybrid primer was synthesized 
(MMP-1 hy) that consisted of two segments (segi, segj). It 

MMPit 



5e 9» seg': 
— 

MMPthy 7 MMPlr 

■ 

: 82 bp 

PCR 

5' 478 bp 3' 



MMPl infernal homoJogeous competitoi 

FIG. 1. Genera) scheme (or generating homologous com- 
petitors used for quantitative PCR. 
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had a length of 40 nucleotides, in which 20 nucleotides (segj) 
at the 3' end corresponded to the opposite strand of the tar- 
get sequence a predetermined distance from primer MMP- 
If, and 20 nucleotides at the 5' end (seg2 = MMP-lr) that 
corresponded to the target sequence upstream from the seg- 
ment segj. Amplification with the primers MMP-lf and 
MMP-lhy from the cDNA resulted in a 478-base pair (bp) 
(polymerase chain reaction (PCR) product. It was freed from 
excess primers and deoxynudeoside-triphosphates (dNTPs) 
using the Qiaquick Gel Extraction Kit (Qiagen GmbH, 
Hildert, Germany) and quantified. A known number of 
copies of the competitor was introduced in the GAPDH-ad- 
justed samples and amplified with the primers MMP-lf and 
MMP-1 r. With this approach, two products were generated, 
one derived from the cDNA (560 bp) and another, 82 bp 
smaller in size derived from the internal competitor (Kg. 1 ). 
PCR products were resolved by gel electrophoresis (1.5% 
agarose gel). The relative amounts of sample cDNA and 
competitor were quantified by measuring the intensity of 
ethidium fluorescence with a CCD -image sensor and\ ana- 
lyzing the data with the EASY program (Herolab, Wiesloch, 
Germany). The initial amounts of sample cDNA and com- 
petitor were assumed to be equal in those reactions where 
the ratio of the two products was judged to be equal. This 
was expressed in arbitrary units (AU) (22,29). One AU was 
defined as the lowest concentration of competitor yielding- 
a detectable amplification product when added to PCR 
alone. For example, if equivalence between sample cDNA 
and competitor was reached using a 100:fold concentrated 
competitor the relative sample cDNA concentration was 100 
AU.. Thyrocytes and the cell lines were analyzed for the ex- 
pression of thyroid-specific and cytokine receptor mRNAs 
in a simple RT-PCR; The sequences of the TPO and cy- 
tokine receptor primer pairs have been published by Wat- 
son et al. (30) and Tada et al. (31) and gave the following 
product sizes: TPO: 506 bp; 1L-1R type I (p80):300 bp; UL- 
1R type II (p68): 392 bp; TNF-aR (p75): 324 bp; TNF-aR 
(p55): 587 bp and IFN-7R: 899 bp. The thyroglobulin (Tg) 
and thyroid stimulating hormone receptor (TSH-R) primer 
pairs were selected according to the published sequences us- 
ing the DNAsis program (Table 1). 

Each 25-uL amplification reaction contained 2.5 /iL 
10 X concentrated PCR buffer (15 mM MgC^, Boehringer 
Mannheim, Germany), 0.3 U Taq DNA polymerase 
(Boehringer Mannheim, Germany), 100 fiM dNTPs 
(Perkin Elmer, "Weiterstadt, Germany), 0.1 ixM of each 
primer (1MB, Jena, Germany), and 1 /rL cDNA and com- 
petitor in adjusted dilution. Furthermore, restriction map- 
ping (restriction enzymes: Boehringer Mannheim GmbH, 
Germany) was carried out to confirm the originality of the 
PCR product (Fig. 1, Table 1). 

Statistics 

Protein levels of thyrocyte or fibroblast cultures from the 
different patients and of the thyroid carcinoma cell lines ob- 
tained from three separate experiments were presented as 
mean ± SEM values. Statistical comparisons between un- 
stimulated and stimulated cell cultures were performed by 
the alternate (Welch) t-rest. The correlation between basal 
mRNA levels and the unstimulated protein secretion in all 
cell rypes was calculated according to the Spearman method. 
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Table L Primers, Length of Amplified Templates, Restriction Mapping and Assay Conditions for RT-PCR 



Primer 



5'- 



Length. of Length of Annealing . Number of 
-i* cDNA (bp) competitor (bp) temperature cycles 



Tg 


forward 
reverse 


GCAGATCTTACTGAGTGGCT 
TGTCAGCACAGTGGCAATAC 


416 




60 


35 


TSH-R 


forward 


ACTTGCTGCAGCTGGTGCT 


354 




65 


35 


exons 1-4 


reverse 


TGAGGGCATCAGGGTCTATG 










TSH-R 


forward 


GAAATTCGGAATACCAGGAACTTA ACT 


896 




; 5$ 




exons 4-10 


reverse 


AACTCATCGG ACITGGGGGTA C A 










MMP-1 


forward 

reverse 

hybrid 


TGGGAGCAAACACATCTGAC 
ATCACTTCTCCCCGAATCGT 
ATCACTTCTCCCCGAATCGT 
CCATATATGGGTTGGATGCC 


560 


478 


64 ... 


33 


TIMP-1 


forward 


CTTAGGGGATGCCGCTGACA 


351 


274. 


64 


30 



reverse GGCAGGCAGGCAAGGTGACG 
hybrid GGCAGGCAGGCAAGGTGACG 
GGATGGATAAACAGGGAAAC 



Tg radicates thyroglobuline; TSH-R, thyroid stimulating .hormone receptor; MMP-1. matrix roetalloproteinase- IT TIMP-1, tissue inhibitor of 
mctanoproteinase-1; bp, base pair. 



RESULTS 

Thyroid specific and. cytokine receptor 
mRNA expression 

isolated thyrocytes as well as 8505 C cells expressed Tg 
arid thyroperoxidase (TPO) mRNA, whereas transcripts of 
the TSH-R (exons 1-4, 354 bp, exons 4-10, 896 bp) were 
present only in the thyrocytes. The three anaplastic thy- 
roid carcinoma cell lines SW 1736* C 634, and HTh 74 
were completely negative for the Tg, TPO, and TSH-R mR- 
NAs (Fig. 2), All cell lines and thyrocytes expressed 1L-1R 
(type I and type II), TNF-orR (p75 and p55) and IFN-7R 
mRNA (Fig. 2). 

Basal MMP-1 and TIMP-1 mRNA and 
protein expression 

In most stimulation experiments, mRNA levels did not 
increase until 24 hours of incubation. The 24-hour mRNA 
levels are shown in Figures 3 and 4. The 3- and 6-hour 
levels are demonstrated in those experiments where the 
mRNA levels reached their peak before 24 hours of stim- 
ulation. If not otherwise indicated, the MMP-1 levels were 
measured using the EUSA system, which recognizes 
free/complexed MMP- 1 . 

MMP-1 and TIMP-1 mRNA were found during un- 
stimulated culture in all investigated cell types, although 
the mRNA levels varied over a great range. 8505 C showed 
a basal MMP-1 mRNA level 20 times as high as those of 
the HTh 74 cells, 6 X JO 4 times as high as C 643, and 2 X 
I0 6 times as high as SW 1736 cells. In thyrocytes, MMP- 
I mRNA levels were found near the detection limit (Figs. 
3 and 4). 

Generally, when analyzing the noted cell types, the mea- 
sured basal MMP-1 or T1MP-] mRNA levels correlated 
well with the basal protein expression (MMP-1: r = 0.99, 
p < ,0001;TIMP-l:r = 0.98, p < .002). Corresponding to 
the h*gh MMP-1 mRNA level, 8505 C cells secreted ex- 
tremely high levels of MMP- 1. No MMP-1 or T1MP-1 was 



detected in unstimulated thyrocyte cultures, at any time- 
point examined. All other cell types showed a spontaneous 
MMP-1 and TIMP-1 secretion (Figs. 5 and 6). Thyroid- 
derived fibroblasts produced basal TIMP-1 levels of up to 
4 times higher in the four carcinoma cell lines, which se- 
creted nearly the same amounts of basal TIMP-1 protein. 
Nevertheless, TIMP-1 secretion of fibroblasts was found 
at lower levels than expected after TIMP-1 mRNA mea- 
surement in 4 of 5 analyzed patients. The results of the fi- 
broblast cultures from patient five showing a higher T1MP- 
1 expression than those from the 4 other patients (basal 
24 hour: 50 i 2; PMA 24 hour: 90 ± 6 ng/mL TTMP-1) 
was omitted in Figure 6. 

Comparing the basal amount of free/complexed and 
TIMP-1 complexed MMP-1 after 24 hours of stimulation, 
a significant level of MMP-1 was not complexed with 
TIMP-1 in 8505 C cultures, whereas in fibroblast cultures 
most of the MMP-1 activity was inhibited by TIMP-1. The 
anaplastic carcinoma cell line HTh 74 did not show such 
a great discrepancy between free/complexed and T1MPT 
complexed MMP-1 level as 8505 C cells (Fig. 7). 

Effects of I L- la on MMP-1 and TIMP-1 mRNA and 
protein expression 

Experiments were performed to determine whether hu- 
man thyroid epithelial cells and thyroid carcinoma cell lines 
could produce or increase basal MMP-1 and TIMP-1 se- 
cretion after exposure to various stimuli. The results from 
these stimulation experiments are summarized in Figures 
3 through 5. Generally, there was a delpy in protein se- 
creiton level in comparison to the mRNA expiession level. 
At the protein level, the cytokine-mediated stimulating or 
inhibiting effect is more distinct after 48 hours compared 
with 24 hours, even when the mRNA level had already de- 
creased after 6 hours. 

IL-1 upregulaied MMP-1 mRNA in SW 1736-ccIls up 
to 100 times and, in thyroid-derived fibioblasts, up to 12 
tunes after 24 hours of incubation (Fig. 3). This increased 
mRNA level was accompanied by a significantly enhanced 
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FIG. 2. Amplification of thyroid specific and inter Jeukin- receptor mRNA in thyrocytes (1), SW 1736 (2), C 643 {3), HTh 
74 (4) and 8505 C (5) cells using RT-PCR; M, = 100-bp ladder (GIBCO). 



MMP-1 secretion after 48 hours. Furthermore, JL-la in- 
creased MMP-1 mRNA expression in thyrocytes up to 
seven times after 6 hours, but no MMP-1 protein could be 
detected in thyrocyTe cultures. IL-1 had no stimulatory ef- 
fect on MMP-1 mRNA expression in C 643, HTh 74, and 
8505 C cells after 24 hours, although a significant increase 
of MMP-1 secretion was found in HTh-74 and SW 1736 
cells after 48 hours of incubation (Fig. 5). This discrepancy 
may be explained by a possible increase in MMP-1 mRNA 
level after 24 hours of stimulation. The same effect could 
also be observed in the IL-1 stimulated T1MP-1 at the 
mRNA as well as the protein level: the only slight effect 
of IL-1 on TIMP-1 mRNA expression in carcinoma cell 
lines after 24 hours was accompanied by a significant in- 
crease of TJMP-1 secretion in 8505 C and HTh 74 cells 
after 48 hours (Figs. 4 and 6). 

Effects of TNF-a on both MMPl/TIMP-l mRNA 
and protein expression 

In contrast to 1JL-1, TNF-a did not stimulate the MMP- 
1 and TIMP-1 mRNA and protein levels in all carcinoma 
cell lines and thyrocytes. Only thyroid derived fibroblasts 
responded with a slight upregulation of MMP- 1 andTlMP- 
1 mRNA expression after TNF-a stimulation, which was 
not accompanied by an increase of MMP-1 and TIMP-1 
secretion. 



Effects of PMA, and IFN-y on MMP-1 and TIMP-1 
mRNA and protein expression 

PMA was included in our study as a positive control 
because it is known to upregulateor induce both MMP- 
1 and TIMP-1 secretion in various cell types (1,32). In- 
deed, PMA was able to induce or enhance MMP-1 
mRNA levels in all cell types investigated, although the 
detected levels varied 10 a large extent (Fig. 3). This re- 
sult is in good correlation with the significantly increased 
MMP-1 protein levels that were already detectable after 
24 hours of stimulation (Fig. 5). PMA upregulated T1MP- 

1 mRNA levels by up to 20 times in C 643, and up to 

2 times in SW 1736 and HTh 74 cells, fibroblasts and 
thyrocytes, but it did not change the TIMP-1 mRNA con- 
tent in 8505 cells (Fig, 4). At the protein level, we found 
a significant stimulation of TIMP-1 secretion in C 643 
and HTh 74 cells, as well 3S in thyroid-derived fibrob- 
lasts (Fig. 6). 

In contrast 10 PMA, J FN- 7 was without effect on stim- 
ulation or downregulation of MMP-1 and TIMP-1 mRNA 
or protein in anv of the cell rypes investigated (Figs 5 and 

6). 

The main inhibitor o( MMP-1 is TIMP-1, which forms 
1:1 stoichiometric complexes with MMP- 1 , although some 
other inhibitors can also bind MMP-1. On the other hand, 
TIMP-1 can bind other MMP types. 
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FIG. 3. Representative samples of compeiitive amplified MMP-1 mRNA of thvrocytes, thyroid-derived fibroblasts and thy- 
roid carcinoma cell lines without stimulation (control) and after stimulation with JOU/mL IL-lor and 100 U/mL TNF-a and 
10 ng/mL PMA after 24 hours. Serial dilutions of known amounts of the competitor fragment were coamplified with identi- 
cal ahquots of cDNA. The 560-bp (cDNA) and 478-bp (competitor) PCR products were visualized by agarose gel electrophoresis 
and ethidiumbromide staining. The relative concentration of the added competitor was given in arbitrary units (AU) in the 
figure. One AU was defined as the lowest. concentration of the comperitor yielding a detectable amplification for MMP-1 
mRNA. The ratio of competitor to cDNA fragments was determined by measuring the intensity of ethidium fluorescence with 
a CCD image sensor and analysis of data. Measured cDNA concentration can expressed in AU 



DISCUSSION 

Our findings demonstrate for the first time that thyroid 
carcinoma cell lines are able to express MMP-1 and T1MP- 
I mRNA and protein at significant levels in vitro. The ob- 
servation of spontaneous release of MMP-1 and TIMP-1 
corresponds well with earlier studies covering the secretion 
of these proteins by several carcinoma cell lines (33,31). 

However, in contrast to its clear physiological function 
in extracellular matrix breakdown, the role of MMP ] in 
tumor growth and metastases is still controversial 
(9-1 1,35). Recently, Murray et a I. (10) demonstrated that 
MMP-1 is associated with poor prognosis in colorectal can- 
cer, and has a prognostic value independent of the Dukes 
stage. Therefore, MMP-1 couJd be a target for therapeu- 
tic intervention in such tumors. Furthermore, the hypoth- 
esis of whether or not cancer cells themselves are able io 



produce MMP, or whether cancer cells stimulate the sur- 
rounding stromal cells to secrete MMP in vivo, is disputed. 
MMP-1 mRNA and' protein were detected by both in situ 
hybridization and immunohistochemistry in stromal as 
well as tumor cells of head, neck, gastric, colorectal, and 
mammary carcinomas (9,10,36,37). In contrast, 
Ka rneyama (12) demonstrated by in situ hybridization that 
the MMP-1 mRNA was not expressed in the cancer cells 
but in the surrounding fibrous capsules of srrongly differ- 
entiated papillary thyroid carcinoma tissue. Highly differ- 
entiated follicular carcinomas and follicular adenomas 
were depleted for MMP- 1 transcripts. Undifferentiated foi- 
hculary, papillary, and aggressive anaplastic carcinomas 
that showed poor prognosis and strong tumor invasive and 
metastatic potential and that can be compared in their 
morphological, genetic and growth features with undiffer- 
entiated thytoid carcinoma cell lines were not included this 
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FIG. 4. Competitive TlMP-1 mRNA RT-PCR yielding a 351-bp (cDNA) and a 274-bp (competitor) PCR product. For fur- 
iher details see Figure 3. 



study. However, the missing expression of MMP-1 by nor- 
mal thyrocytes and the spontaneous secretion of this pro- 
tein by highly malignant thyroid carcinoma cell lines, as 
demonstrated in our study, indicate the involvement of 
MMP-1 secretion of transformed thyrocytes in aggressive 
thyroid tumors. 

Although all cell lines analyzed in our study sponta- 
neously secreted MMP-], we observed marked differences 
in the basal secretion capacity. The highest MMP-1 levels 
were determined in cultures of .8505 C cells. Only 8505 C 
cells expressed TPO and Tg mRNA that may be put down 
lo residual differentiated components in the cell line (see 
Materials). However, none of the analyzed cell lines ex- 
pressed TSH-R mRNA. The cell population doubling times 
were less than 40 hours. All cell lines had accumulations 
of multiple genetic events. These facts indicate the undif- 
ferentiated pathology of the studied lines. It is well known 
that anaplasnc carcinoma cell lines well retain the malig- 
nant characterises of their parental tumors (38-40). 

Furthermore, we found a distorted proportion benveen 
MMP-1 and T1MP-I mRNAVproiein for carcinoma cell 
lines but not for normal thyroid-derived fibroblasts. The 
most disadvantageous constellation between MMP-1 and 
"DMP-l was found in 8505 C cells. Similar ro other stud- 
ies (41), these results suggest rhe influence of an altered 
MMP/TIMP relation on tumor progression. However, it 



should be mentioned that most studies, including the pre- 
sent one, do not take into consideration that a number of 
inhibitors distinct from TLMP-1 may regulate MMP-1 ac- 
tivity. Taking into account that the balance of active en- 
zyme and TIMP-1 concentration strongly influence the ex- 
tent of local matrix degradation, a number of studies 
showed unexpectedly high levels of TIMP-1 in malignant 
neoplasms (9,42,43). There is a great discussion as to 
whether the overall expression of MMP-1 and TIMP-I or 
the amount of noncomplexed MMP-1 could be critical in 
aggressive tumor development. This fact underlines the na- 
ture of tissue breakdown, reflecting the complicated net- 
work of selective and coordinated production of individ- 
ual proteinases and inhibitors under normal and 
pathophysiological conditions. Thus, the invasive and 
metastatic potential of thyroid tumors depends on the lo- 
cal net level of active MMPs. 

The synthesis of MMP-1 and TIMP-1 is influenced by a 
variety of biochemical stimuli. The recent findings on 
MMP-1 and TIMP-1 gene promoters are useful in under- 
standing the complex mechanisms implied in the regula- 
tion of MMP synthesis modulated by cytokines ar\d tumor 
promoters (34,44,45). The promoter regions contain tu- 
mor promoter responsive elements (TRE) and binding mo- 
tifs for the transcription factor PEA-3, which are rrcog- 
in7r<l by proto-oncogenic transcription factors, such as the 
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FIG. 7. Comparison between (i) free/complex and (ii) TIMP- 
1 completed MMP-1 levels, and (in) TIMP-1 levels in super- 
narants of unstimulated 8505 C and HTh 74 cells, and thy- 
roid-derived fibroblasts after 24 hours using a (i) MMP-1 
EUSA that recognizes total MMP-1 (see Figure 5). The (ii) 
MMP-imMP-1 assay recognizes MMP-l/TlMP-1 complexes 
»e, activated MMP-1 that has subsequently been complexeci 
with the specific MMP inhibitor "IlMP-l. The (iiij TIMP-1 
EUSA recognizes total TIMP-1, ie, free TIMP-1 and that com- 
plexed with MMPs. 



fos and jun family (45-47). IL-1, TNF-cr, and PMA up- 
regulate proto-oncogenes like fos and jun, resulting in the 
stimulation of MMP^l and TIMP-1 (45,48). The action of 
the cytokines is mediated by their specific receptors. In our 
study, JL-1R (type 1 and type 11), TOF-aR ( P 75 and p55) 
and IFN-yR mRNAs were demonstrated in all investigated 
cell types. PMA and IL-1 were shown to elevate MMP-1 
and TIMP-1 in nearly all cell types investigated, thus con- 
firming the results of several studies on other epithelial cells 
(reviewed in refs. 1,7,4?). In ;the majoriry of experiments, 
we found a concordant expression of MMP-1 and T1MP- 
1 after stimulation, possibly achieved by the coordinated 
actions of the nuclear transcription factors, although MMP- 
1 and TIMP-1 expression can also be independently or even 
reciprocally regulated (1). The effect of TNF-a was not as 
distinct as in the case of PMA and IL-1, although several 
investigators found a pronounced effect of TNF-a particu- 
larly on TIMP-1 secretion (4,34). In contrast to studies per- 
formed with other cell types (863,864,81?), IFN-y did not 
influence MMP-1 and TIMP-1 expression in thyroid carci- 
noma cell lines. In summary, (he involvement of the in- 
trarhyroidal physiological and pathological cytokine mi- 
cioenvtronineni in the regulation of MMP-1 and TIMP-1 
induction activation and inhibition is strongly suggested. 

Furthermore, the data demonstrate thar regular human 
thyrocytes did not produce MMP-1, even after powerful 
stimulation with PMA. Investigating or her mammalian rp- 
■thrhal cells, only one study teveakd the production of 
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MMP-1 by rabbit corneal cells (21). It is yet not clear 
whether the MMP-1 mRNA detected in thyrocytes is due 
to a low level of constitutive transcription of the MMP-1 
gene (illegitimate transcription), an existing pool of stable 
MMP-1 mRNA, or. in vitro induction of MMP-1 mRNA. 
But it seems more likely that residual fibroblasts contained 
in the purified thyrocyte preparation (<0.2%) are respon- 
sible for the slightly positive RT-PCR results. Another ex- 
planation could be rhat thyrocytes are indeed MMP-1 pro- 
ducers, but the EUSA detection system used was not 
sensitive enough to measure extremely low MMP-1 secre- 
tion levels. Furthermore, the discrepancy between elevated 
TIMP-1 mRNA levels pf thyrocytes and the extremely low 
TIMP-1 protein secretion by these cells is difficult to ex- 
plain. Post-transcriptional regulatory events may be re- 
sponsible for this confounding result. 

Taken together, the present study suggests that the in- 
rrathyroidal cytokine microenvironment is involved in the 
regulation of MMP-1 and its inhibitor HMP-1 in the thy- 
roid, and that both proteins may be secreted by dediffer- 
entiated thyroid carcinoma cells and involved in aggressive 
thyroid tumors in vivo. 
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Expression of embryonic flbrouecliii isoform EIIIA parallels alpha-smooth 
muscle acttn in maturing and diseased kidney. 

Barnes VL. Musa J . Mitchell RJ , Karnes JL 

Department of Medicine, Division of Nephrology, University of Texas Health Science 
Center, San Antonio, Texas, USA. 

In this study we examined if an association exists between expression of an alternatively 
spliced "embryonic" fibronectin isofonn EIIIA (Fn-EIIIA) and alpha-smooth muscle 
actin (alpha-SMA) in the maturing and adult rat kidney and in two unrelated models of 
glomerular disease, passive accelerated ant i -glomerular basement membrane (GBM) 
nephritis and Habu venom (HV)-induced proliferative glomerulonephritis, using 
immunohistochemistry and in situ hybridization. Fn-EIIIA and alpha-SMA proteins were 
abundantly expressed in mesangium and in periglomerular and peritubular, interstitium of 
20-day embryonic and 7-day (D-7) postnatal kidneys in regions of tubule and glomerular 
development Staining was markedly reduced in these structures in maturing juvenile (D- 
14) kidney and was largely lost in adult kidney. Expression of Fn-EUIA and alpha 7 SMA 
was reinitiated in the mesangium and the periglomerular and peritubular interstitium in 
both models and was also observed in glomerular crescents in anti-GBM nephritis. 
Increased expression of Fn-EIilA mKNA by in si tu hybridization corresponded to the 
localization of protein staining. Dual labeling experiments verified co-localization of Fn- 
EIIIA and alpha-SMA, showing a strong correlation of staining between location and 
staming intensity during kidney development, maturation, and disease. Expression of 
EIIIA mRNA corresponded to protein expression in developing and diseased kidneys and 
was lost in adult kidney. These studies show a recapitulation of the co-expression of Fn- 
EIIIA and alpha-SMA in anti-GBM disease and suggest a functional link for these two 
proteins. 
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BMI-1 gene amplification aad overexpressiou iu hematological 
malignancies occur mainly in mantle cell lymphomas. 

Bea_S, Tort F. Pinyol M , Puig X , Hernandez L . Hernandez S. Fernandez PL, van 
Lohuizen M Colomer D. Camoo E . 

The Hematopathoiogy Section, Laboratory of Anatomic Pathology, Hospital Clinic, 
Institutd'hwestigacions Biomediques August Pi i Sunyer.(IDIBAPS), University of 
Barcelona, Spain. 

The BMI-I gene is a putative oncogene belonging to the Polycomb group family that 
cooperates with c-myc in the generation of mouse lymphomas and seems to participate in 
cell cycle regulation and senescence by acting as a transcriptional repressor of the 
INK4a/ARF locus. The BMI-1 gene has been located on chromosome I Op 13 , a region 
involved in chromosomal translocations in infant leukemias, and amplified in occasional 
non-Hodgkin's lymphomas (NHLs) and solid tumors. To determine the possible 
alterations of this gene in human malignancies, we have examined 1 60 
lymphoproliferative disorders, 13 myeloid leukemias, and 89 carcinomas by Southern 
blot analysis and detected BMM gene amplification (3- to 7-Told) in 4 of 36 (1 1%) 
mantle cell lymphomas (MCLs) with no alterations in die INK.4a/ARF locus. BMI-l and 
pl6INK4amRNA and protein expression were also studied by real-time quantitative 
reverse transcription-PCR and Western blot, respectively, in a subset of NHLs. BMI-1 
expression was significantly higher in chronic lymphocytic leukemia and MCL than in 
follicular lymphoma and large B cell lymphoma. The four tumors with gene 
amplification showed significantly higher rnRNA levels than other MCLs and NHLs with 
the BMI-l gene in germline configuration. Five additional MCLs also showed very high 
rnRNA levels without gene amplification. A good correlation between BMI-1 rnRNA 
levels and protein expression was observed in all types of lymphomas. No relationship 
was detected between BMI-1 and pl6INK4a rnRNA levels. These findings suggest that 
BMI-l gene alterations in human neoplasms are uncommon, but they may contribute to 
the pathogenesis in a subset of malignant lymphomas, particularly of mantle cell type. 
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BMI-1 Gene Amplification and Overexpression in Hematological Malignancies 
Occur Mainly in Mantle Cell Lymphomas 1 
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Maarten van Lohnizen, Dolors Colomer,' and Elias Campo 2 . 
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Abstract 

• The BMJ-1 gene is a putative oncogene belonging to the Polyeorob 
group family that cooperates with c-myc in the generation of mouse 
lymphomas and seems to participate in cell cycle regulation and senes- 
cence by acting as a transcriptional repressor of the JNK4a/ABJ r locus. 
The BMJ-1 gene has been located on chromosome J0p)3, a region involved 
in chromosomal translocations in infant leukomas, and amplified in. 
occasional oon-Hodgkiii's lymphomas (NHLs) and solid tumors. To de- 
termine the possible alterations of this gene in human malignancies, we 
have examined 160 lymphoproliferative disorders, 13. myeloid leulteraSas, 
and 89 carcinomas by Southern blot analysis and detected BMJ-1 gene 
amplification (3- to 7-fold) in 4 of 36 (1)%) mantle cell lymphomas 
(MCLs) with no alterations in the INKda/ARF locus. BMI-1 and pJ6 1NK ' 4 * 
mRNA and protein expression were also studied by real-time quantitative 
reverse !ranscription-PCR and Western blot, respectively, m a subset of 
NHLs. BMJ-I expression was significantly higher in chronic lymphocytic 
leukemia and MCL than in follicular lymphoma and large B cell lym- 
phoma. The four tumors with gene amplification showed significantly 
higher mRNA levels than other MCJUs and NHLs with the BMI-1 gene in 
germline configuration. Five additional JYJCLs also showed very high 
mRNA levels without gene amplification. A good correlation between 
BMI-1 mRNA levels and protein expression was observed in all types of 
lymphomas. No relationship was detected between BMI-1 and pJ6 INK ** 
mRNA levels. These rimUngs suggest that BMJ-1 gene alterations in 
human neoplasms are uncommon, but they may contribute to the patho- 
genesis in a subset of malignant lymphomas, particularly of mantle cell 

Introduction 

The BMJ-J* gene is a putative oncogene of the Polycomb group 
originally identified by retroviral insertional mutagenesis in Ep.-c- 
myc transgenic mice infected with the Moloney murine leukemia 
vims (I, 2). These animals had a rapid development of pre- B cell 
lymphomas showing frequent proviral insertions near the BMJ-1 gene. 
This integration resulted in BMI-1 ove repression suggesting a coop- 
erative effect between CM YC and BM1-J genes in the development of 
these rumors (3, 4). Recent studies have indicated that the BMUJ gene 
may also participate in cell cycle control and senescence through the 
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JNK4a/ARF locus by acting as an upstream negative regulator of 

p , 6 rNK4, an(J pM/pJ9 ARF gene expressjon (5) jjjg human Bm j 

gene has been mapped to chromosome I Op 13 (6), a region involved hi 
chromosomal translocations in infant leukemias (7) and rearrange- 
ments in malignant T cell lymphomas (8, 9). More recently, high-level 
DNA amplifications of this region have been found by comparative 
genomic hybridization in NHLs and solid tumors (JO, 11). However, 
the possible implication of the BMJ-} gene in these alterations and its 
role in the pathogenesis of human rumors is not known. The aim of 
this study was to analyze- the possible BMJ- J gene alterations and 
expression in a large series of human neoplasms and to determine the 
relationship with JNK4aJARF locus aberrations. 

Materials and Methods 

Case Selection. A series of 2.62 human tumors, including 173 hematolog- 
ical malignancies and 89 carcinomas (Table 1), matched normal tissues from 
all carcinomas, li samples of normal peripheral mononuclear cells, and 5 
reactive lymph nodes and tonsils, were selected based on the availability of 
frozen samples- for molecular analysis. 

DNA Extraction and Southern Blot Analysis. Genomic DNA was ob- 
tained using Proteinase K/RNnse treatment. 15 fig were digested with EcoKi 
and //mdlll restriction enzymes (Life Technologies, Inc., Gaithersburg, MD), 
for Southern blpl analysis and hybridized wilh a 1.5-kb Pstl fragment of the 
partial BM1- 1 cDNA (6). 

RNA Extraction and Feat- lime Quantitative RT-PCR. Total RNA was 
obtained from 67 lymphoid neoplasms (10 CLLs. 27 MCLs, 8 FLs, and 22 
LCLs) using guanidine/isothrocyanate extraction and cesium/chloride gradient 
centrifugation. One M g of total RNA was transcribed into cDNA using 
MMLV-reverse transcriptase (Life Technologies, Inc.) and random hexamers, 
following manufacturer's directions. Sequences of the BMI-J and the pi 6 
detection probes and primers were designed using the Primer Express program 
(Applied Biosystems, Foster City) as follows: BMJ- J sense, 5'-CTGGTTGCr 
CCATTGACAGC-3'; BMJ-J antisense, 5'-CACAAAATCAATGCGAG- 
CCA-3': P 16 sense.. 5'-CAACGCACCCAATAGTTACGG-3'; p/6 antisense. 
5'-AACTTCGTCCTCCAGACTCGC-3\ The probes BMI-1, 5'-CAGCTC- 
GCTTCAAGATGGCCGC-3', and P J6; 5'COGAGGCCGATCCACGTGG- 
GTA-3\ were labeled with 6-carboxy-fluoresccin as the reporter dye. The 
TaqMaivGAPDH Control Reagents (Applied Biosysicms) were used to am- 
plify and detect the GAPDH gcne ? as recommended by the manufacturer. The 
quantitative assay amplified J /iml of cDNA in two lo four replicates using Ihe 
primers and probes described above and the standard master mix (Applied 
Biosyslerns). AH reactions were performed in an AB1 PRISM 7700 Sequence 
Detector Sysiem (Applied Biosystems). GAPDII. BMJ- 1, and pie 1 ^ 4 * ex- 
pression was related to a standard curve derived from serial dilutions of Raji 
cDNA. The RUs of BMJ-I and p]6 nJK4 * expression were defined as the 
mRNA levels of these genes normalized to the GADPH expression level in 
each case. 

Protein Analysis. Whole-cell protein extiacts were obtained from addi- 
tional frozen tissue available in 31 cases (7 CLLs. 12 MCLs, 8 FLs, and A 
LCLs), loaded onto a J0% SDS-polyacrylamide £ei\ and elcciFobJotlcd to a 
nitrocellulose membrane (Arnrrsham). Blocked membranes were incubated 
sequentially with the monoclonal antibody DMI-16 (12), aniimouse conju- 
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Table I Hematological malignancies and solid rumor samples analyzed jor BMf-l 

gene alterations 



Tissue samples 



No. of cases 



Hematological malignancies 
Dodekin's disease 

B cell lymphoproliferative disorders 

B-Acuic lymphoblastic leukemia 

CLL 

Hairy cell leukemia 

FL 

MCL 

LCL 

T cell tymphoproHfcrative disorders 
T-Acutc lymphoblastic leukemia 
Large granular cell leukemia 
Peripheral T-ccll lymphoma 

Myeloproliferative disorders 
Acute myeloid leukemia 
Chronic myeloid leukemia 
Solid tumors 

Colon carcinoma 

Breast carcinoma 

Laryngeal squamous cell carcinoma 
Total 



14 

29 
. 4 
15 
36 
40* 

8 
4 
8 

7 
6 

26 
29 
34 
262 



gated to horseradish peroxidase (Amersbam), and detected by enhanced chemi- 
luminescence (Amersham) according lo the manufacturer's recommendations. 
Statistical A nalysis. Because of the non-normal distribution of the samples 
. and the small. size of some subsets of rumors, the statistical evaluation was 
performed using nopparanietric tests (SPSS, version 9.0). Comparison between 
mRNA expression levels in the different groups of NHLs was performed using 
the Kruskal-Wallis Test, with a P for significance set ai 0.05. For differences 
between particular groups, the conservative Bonferroni procedure was per- 
formed, and the P was set at 0.005. The remaining statistical analyses were 
carried out using the Mann- Whitney nonparametric V test (significance, P 
<0.05). The comparison between BMI-] and pie""* 4 * quantitative mRNA 
levels was also performed using ihe Pearson's correlation coefficient. 

Results 

BMJ-J Gene Amplification. The BMJ-J gene was examined by 
Southern blot in a large series of hitman tumors and normal samples 
(Table 1). The cDNA probe used in the study detected three EcoR\ 
fragments of 7.3, 3.8, and 2.6 kb and three tfmdlll fragments of 6.2, 
4, and 3.5 kb. BMJ-J gene amplification (3- to 7-fold) was delected in 
4 of 36 (11%) MCLs (Fig. 1). The amplifications were confirmed with 
both restriction enzymes. The amplified MCLs were two Mastoid and 
Iwo typical variants. No amplifications were observed in any of the 
solid tumors when compared with their respective matched non- 
neoplastic mucosa. No BMJ-J gene rearrangements were observed in 
any of the samples examined. 

BMJ-J mRNA Expression. To determine the BMJ-1 expression 
pattern in NHL we analyzed BMJ-] mRNA levels by real-time quan- 
titative RT-PCR in 67 lymphomas (10 CLLs, 27 MCLs, 8 FLs, and 22 
LCLs), including the four tumors with gene amplification. A distinct 
BMJ- 1 mRNA expression pattern was observed in the different types 
of lymphomas (Fig. 2; Kruskal- Wallis Test; P < 0.001). The B Ml 
mRNA levels in CLLs (mean, 2.2 RU; SD, J.3) and MCLs with no 
BMJ-J gene amplification (mean, 2.5 RU; SD, 2.3) were significantly 
higher than in FLs (mean, 0.9 RU; SD, 0.8) and LCLs (mean, 0.6 RU; 
SD, 0.4; Mann- Whitney nonparametric U lest; P < 0.0 lj. The 4 
MCLs with BMJ-J gene amplification showed significantly higher 
levels of expression than all other groups of tumors (mean, 5.1 RU; 
SD, 1.6; P < 0.005). In addition, five typical MCLs with no structural 
alterations of the gene also showed very high levels of BMM mRNA 
expression ranging from 4 to 9.8 RU, similar lo cases with gene 
amplification (Fig. 2.-1). 

HMl-1 Protein Expression. BMM protein expression was exam- 
ined by Western bloi in 31 hirnois (7 CLLs; 12 MCLs, including two 
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cases with BMJ-J gene amplification and 4 cases with mRNA over- 
_ expression and no structural alteration of the gene; 8 FLs, and 4 LCLs) 
_ in which additional frozen tissue was available. The monoclonal 
antibody against BMJ-I detected three closely migrating proteins of 
M T 45,000-48,000 (2). The two more slowly migrating bands prob- 
ably represent phosphorylated isoforms of the protein (12). The two 
MCLs with gene amplification and three of four cases with mRNA 
overexpression without amplification of the gene showed very high 
levels of protein expression. The remaining MCLs and CLLs showed 
intermediate levels of protein expression, whereas low- orno-expres- 
siori signals were detected in the LCLs and FLs included in the study 
(Fig. 3). These results indicate that BMM protein expression in NHL 
is concordant with the mRNA levels observed by real-time quantita- 
tive RT-PCR. 

Relationship between BMJ-J and pl6 ,NK * 3 Gene Alterations. 
The INK4a/ARF locus has been recently identified as a downstream 
target of the transcriptional repressing activity of the BMJ-J gene, 
suggesting that this gene may contribute to. human neoplasias with 
. wild type JNX4/ARF (5). Most of the lymphoproliferative disorders 
analyzed in the present study, including the four cases with BMJ-J 
gene amplification, had been previously examined for p53 gene mu- 
tations and JjMK4a/ARF locus alterations, including gene deletions, 
mutations, hypennethylation, and expression (13, 14). The four MCLs 
. with BMJ-J gene amplification and mRNA overexpression and the. 
five tumors, with BMM mRNA overexpression with no structural 
alterations of the gene showed a wild-type configuration of the 
JNK4a/ARF locus (13). However, one case with BMJ-J gene ampli- 
fication and one case with mRNA overexpression with no alteration of 
Ihe gene showed p53 gene mutations associated with allelic deletions 
To determine the possible relationship between BMJ-J and 
pl6 1NK4a mRNA expression, p!6 1NK4a mRNA levels were evaluated 
by real-time quantitative Rt-PCR in 50 tumors (10 CLLs, 27 MCLs. 
and J 3 LCLs), including 6 cases with alterations in the JNK4a/ARF 
locus (2 MCLs and 1 LCL with pJ6 l>TKA ' gene deletion, 2 LCLs with 
pJ6 promoter hype rme thy la l ion. and J CLL with pJ6™ KAa gene 
mutation), and the 4 lymphomas with BMJ-J amplification. Negative 
or negligible levels of pl6 ,NK4a were observed in the 6 rumors with 
' JNK4a/ARF locus alterations. These cases were not included in the 
comparisons between BMM and p!6 INK4a mRNA expression. The 
p l 6 nxK4* e:(presS)on IeveJs werc rc ] at ; vc j y s j m i| ar m Ihe different 

types of tumors. Only LCLs tended to have lower levels of expression, 
but the differences did not reach statistical significance (Fig. 2B). No 
differences were observed in the p!6 INK4a mRNA levels between 
tumors with BMJ-J gene amplification and overexpression and lym- 
phomas with germline configuration of the gene. 
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Fig. I. Southern bloi analysis of BAH- J cinr . Foot MCLs [MCL *) ^owed BMl J tene 
amp) titration f3- lo 7-ftjKi) ronipatcd w ith non -neoplastic tissues \N) and uthci Xiil.s, No 
amplifications oi gene iranan^emrm;. were detected in the temaininp NIILs and cam- 
numss im lmlt'd in the jrurfv. 
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Fig. 2. A, quantitative BMI- 1 mRNA transcript analysis (median and range) using 
real-time RT-PCR in a series of NHLs. MCLs with BMI- J gene amplification {MCI*) 
revealed significantly higher overall BMM mRNA levels than all oihci types of NHLs. 
including MCLs with no structural alterations of the gene {P < 0.005). MCLs and CLLs 
expressed significantly higher levels than FLs and LcLs {P < 0.001). Results are depicted 
as the ratio of absolute BMMrGADPH mRNA transcript numbers (RU). Bars, SD. B, 
quantitative p»6 ,NK4 » mRNA transcript analysis (media n and range) using real-time 
RT-PCR in a series of NHLs. Expression levels were relatively similar in the different 
types of rumors. Results are depicted as the ratio of absolute pl6 ,NKJ, *:GADPH mRNA 
transcript numbers (RU). Bars, SD. 



Discussion 

In the present study, we have examined a large series of human 
tumors for the presence of gene alterations and mRNA expression of 
the BMI-} gene. Gene amplification was identified in four MCLs. 
These tumors showed significantly higher levels of mRNA and pro- 
tein expression compared with other lymphomas with ' BMJ-J in germ- 
line configuration. BM!- J expression levels were also highly np- 
rrgulated in a subset of MCLs with no apparent structural alteralions 
of ihe gene. No alterations were delected in any of the different types 
of carcinomas included in the study. SMI- J is considered an oncogene 
belonging to the Polycomb group family of genes. These proteins 
mainly act as transcriptional regulators, controlling specific target 
genes involved in development, cell differentiation, proliferation, and 
senescence. DiiTereni studies have shown the implication of BMI- 1 
ovcrespression in the development of lymphomas in murine and 
feline animal models (3. A). The findings of (he present study indicate 



for the first time that BMJ-J gene alterations in human neoplasms are 
an uncommon phenomenon, but they seem to occur mainly in a subset 
of NHLs, particularly of mantle cell type. 

The human BMJ-J gene has been mapped to chromosome I0pl3. 
High-level DNA amplifications and gains in this region have been 
identified by comparative genomic hybridization in occasional solid 
rumors and NHLs (10. 11). Different chromosomal translocations 
involving the I Op] 3 region have also been identified in infant leuke- 
mias and T cell lymphoproJiferative disorders (7, 8, 15). Most acute 
leukemias with this chromosomal alteration occur in children <I2 
months of age, whereas it seems to be extremely rare in adults. )0p 
translocations in T-cell lyrnphoproliferative disorders have been ob- 
served mainly in adult T cell leukemia/lymphomas and occasional 
cutaneous T cell lymphomas. In our study, we did not observe BMI-J 
rearrangements or amplifications in any of the acute leukemias or T 
cell lymphomas. However, all of the acute leukemias in this study 

were diagnosed in patients over J 6 years, and no adult T cell leuke- 
mia/lymphomas or cutaneous lymphomas could be included in the 
series. Similarly, high-level DNA amplifications at the 1 Op 13 region 
have been detected in head and neck carcinomas and other solid 
tumors. Although we found no. evidence for BMI-J gene rearrange- 
ments or amplifications in a substantial set of carcinomas, this does 
not exclude the possibility of increased gene expression or protein 
levels in these tumors. Additional studies are required to elucidate the 

possible involvement of BMJ-J in these particular groups of human 
neoplasms. 

In human hematopoietic cells, BMI-I is preferentially expressed in 
primitive CD34+ bone marrow cells, whereas it is negative or very 
low in more mature CD34- cells (16). In peripheral lymphocytes, and 
particularly in follicular' B cells, BMI-I protein expression has been 
detected in resting celis of the mantle zone, whereas it is down- . 
regulated in proliferating germinal center cells (17, 1 8). These obser- 
vations indicate that BMI-1 expression in normal hematopoietic cells 
is tightly regulated in relation with cell differentiation in bone marrow 
and antigen-specific response in peripheral lymphocytes. BMI- 1 ex- 
pression in human tumors has not been examined previously. In this 
study, we have demonstrated that BMI- 1 mRNA and protein expres- 
sion show a distinct pattern in different types of lymphomas. Thus, 
BMI- 1 levels were low in LCLs and FLs and significantly higher in 
MCLs and CLLs. These findings suggest that BMI-1 expression 
patterns in B cell lymphomas maintain in part the expression profile 
of their normal cell counterparts; because FLs and at least a subgroup 
of LCLs are considered lymphomas derived from follicular germinal 
center cells, whereas MCLs and CLLs are tumors mainly derived from 
naive pregerminaJ center cells. However, the four MCLs with BMJ-J 
gene amplification expressed significantly higher mRNA levels than 
all other tumors. In addition, five MCLs with no structural alteralions 
of the gene showed high mRNA levels similar to those observed in 
tumors with BMI- J gene amplification, suggesting that other mecha- 
nisms may be involved in up-regulation of the gene in these lympho- 
mas. Different studies using animal models have shown a dose- 
dependent effect of BMJ-I gene expression on skeleton development 
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and lymphomagenesis (1.3). These observations suggest that the high 
mRNA and protein levels detected in a subset of MCLs may play a 
role in the pathogenesis of these neoplasms. 

Recent studies have identified the INK4/ARF locus as a down- 
stream target of the BMM transcriptional repressor activity, suggest- 
ing that BMM overexpression may contribute to human neoplasias 
that retain the wild-type JNK4a/ARF locus (5). Interestingly, in our 
study, BMJ-J amplification and overexpression appeared in rumors 
with no aJterations in p)6 li4K4 * and j p/^ AKF genes. However, we could 
not detect differences in the expression levels ofpie 1 * 1 ^ in rumors 
with arid without BMM gene alterations. The reasons for this apparent 
discrepancy with experimental observations are not clear. One possi- 
bility may be that genes other than JNK4a/ARF are the main targets of 
BMM repressor activity in these tumors. Particularly, different genes 
of the HOX family are regulated by BMM and may also be involved 
in lymphomagencsis (19, 20). 

In conclusion, the findings of this study indicate that BW-J gene 
. expression is differentially regulated in B cell lymphomas. Alterations 
of the gene seem to be an uncommon phenomenon in human neo- 
plasms, but they may contribute to the pathogenesis in a subset of 
MCLs. Although, BMI-J gene alterations occurred in rumors with 
wild-type lNK4a/ARF locus, the possible cooperation between these 
genes and the oncogenic mechanisms of BMM in human neoplasms 
require additional analysis. 
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Hiitopathology is insufficient to predict disease progression and clinical outcome in lung adeno- 
carcinoma. Here we show that gene-expression profiles based on microarray analysis can be 
used to predict patient survival in early- stage lung adenocarcinomas. Genes most related to sur- 
vival were identified with univariate Cox analysis. \J^'mg either two equivalent but independent 
training and testing sets, or 'leave-one-out' cross-validation analysis with all tumors, a risk index 
based on the top 50 genes identified low-risk and high-risk stage I lung adenocarcinomas, which 
differed significantly with respect to survival. This risk index was then validated using an inde- 
pendent sample of lung adenocarcinomas that predicted high- and low-risk groups. This index 
included genes not previously associated with survival. The identification of a set of genes that 
predict survival in early-stage lung adenocarcinoma allows delineation of a high-risk group that 
may benefit from adjuvant therapy. 



Lung cancer remains the leading cause of cancer death in indus- 
trialized countries. Most patients with non-small cell lung can- 
cer (N5CLC) present with advanced disease, and despite recent 
advances in mu Mi- modality therapy, the overall 10-year survival 
rate remains a dismal 8-10%'. However, a significant minority of 
patients (-25-30%) with NSCLC have stage I disease and receive 
surgical intervention alone. Although 35-50% of patients with 
stage I disease will relapse within 5 years 2 '*, it is not currently 
possible to identify specific high-risk patients. 

Adenocarcinoma is currently the predominant histological 
subtype of NSCLC (refs. 1,5,6). Although morphological assess- 
ment of lung carcinomas can roughly stratify patients, there is a 
need to identify patients at high lisk lor recurrent or metastatic 
disease. Preoperative variables that affect survival of patients 
with NSCLC have been identified 7 " 10 . Tumor size, vascular inva- 
sion, poor differentiation, high tumor-profjferative index and 
several genetic alterations, including K-ras (refs. 11,12) and p53 
(refs. 10,13) mutations, have prognostic significance. Multiple 
independently assessed genes or gene products have also been 
investigated to better predict patient prognosis in lung can- 
cer" '\ Technologies that simultaneously analyze the expression 
of thousands of genes" can be used to correlate gene-expression 
patterns with numerous clinical parameters— including patient 
outcome— to better predict tumor behavior in individual pa- 
tients 70 . Analyses of lung cancers using array technologies have 
identified subgroups ul tumors that diJfei according to tumor 
type and histological subclasses and, to a lesser extent, survival 
among adenocarcinoma paiients :,,: \ Mere we correlated gene- 
expression profiles with clinical outcome in a cohort of patients 
with lung adenocaicinoma and identified specific genes that 



predict survival among patients with stage I disease. For further 
validation, we also show that the risk index predicted survival in 
an independent cohort of stage I lung adenocarcinomas. 

Hierarchical profile clustering yields three tumor subsets 
Using" oligonucleotide arrays, we generated gene-expression pro- 
files for 86 primary lung adenocarcinomas, including 67 stage 1 
and 19 stage 111 tumors, as well as 10 non neoplastic lung sam 
pies. Selected sample replicates showed high correlation among 
coefficients and reliable reproducibility. We determined tran- 
script abundance using a custom algorithm and the data set was 
dimmed of genes expressed at extremely low levels, that is, 
genes were excluded if the measure of their 75th percentile value 
was less than 100. Although potentially resulting in the loss of 
some information, trimming in this maimer decreased the possi- 
bility thai the clustering algorithm would be strongly influenced 
by genes with little or no expression in these samples. 
Hierarchical clustering with the resulting 4,966 genes yielded 3 
dusters of tumors (Fig. 1). All 10 ncn-nebplastic samples clus- 
tered tightly together within Cluster 1 (data not shown). We ex- 
amined the relationships between cluster and patient ant! tumor 
characteristics (Fig. 1 and Supplementary Figure A online). There 
were associations between cluster and stage [P = 0.030) and be- 
tween clustei and differentiation (P = 0.01). Cluster 1 contained 
the greatest percentage (<12.8%) of well differentiated tumors, 
followed by Cluster 2 (27%) and Cluster 3 (4.7%). Cluster 3 con- 
tained the highest percentage of both poorly differentiated 
H?. (>*::.) and stage 111 tumors (42.8%), yet contained 3 IM.3%) 
moderately dilfeientiated and 1 (5%) well differentiated stage 1 
tumor. Notably. 11 stage I tumois were present in Cluster 3, sug- 
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gesting a common gene-expression profile for 
this subset of stage I and stage I J J rumors. . 

For patients with stage I and stage III tumors, 
the average ages were 68.1 and 64.5 years and 
the percentage of smokers was 88.9% and 
89.5%, respectively. Marginally significant as- 
sociations between cluster and smoking his- 
tory were observed (P = 0.06). A significant 
relationship between histopathological classifi- 
cation and cluster was only discernible for 
bionchioloalveolai adenocarcinomas (BAs), 
which were only present in Clusters 1 and 2 
(P = 0.0055) and comprised 35.7% and 12.3% 

of tumors for Ousters 1 and 2, respectively. ' : 

We examined the heterogeneity in gene-ex- 
pression profiles based on the trimmed data.set among normal 
lung samples and stage 1 and stage 111 adenocarcinomas by calcu- 
lating correlation coefficients between all pairs of samples v In 
contrast to normal lung samples that displayed highly similar 
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Fig. 1 Unsupervised classification analysis ol lung adenocarcinomas. 3 classes of tumors identi- 
fied by agglomerate hierarchical clustering of gene-expression profiles using the 4,966 expressed 
genes. Patient and histopathological information for each lung adenocarcinoma case by cluster 
designation and methods for K-ros 12/1 3th-codon mutational status ami nuclear p53 protein ac-. 
cumulation are provided (Supplementary Figure A online). IN classification denotes information 
regarding patient tumor size and nodal involvement. Associations between cluster membership 
and patient or histopathological variables are indicated at significance level (P< 0.05). 



and lactate dehydrogenase A {LDBA) (Fig. 2a). Two gene probes 
not represented on the microarrays were used as controls, includ- 
ing histone H4, a potential index of overall ceil proliferation, and 
28S ribo5oma) RNA, a control for sample loading and transfer, 
gene-expression profiles (median correlation, 0.9), both stage I The relative amounts of 1GFBP3, cystatin C and.LDH->J mRNA 
and 111 lung tumors demonstrated much greater heterogeneity in strongly correlated with microarray-based measurements (Fig. 



their expression profiles with lower correlation coefficients (me 
dian values, 0.82 and 0.79, respectively). 

Northern-blot and immunohistochernistry analyses 
Of the 4,966 genes examined, 967 differed significantly between 
stage I and III adenocarcinomas, a number in excess of that ex- 
pected by chance alone (248 at alpha level (a) = 0.05). Three histone H4 expression than the normal lung, likely i°efleciirig in 
genes were arbitrarily selected to verify the microarray expression creased proliferation of tumor cells. 

data. The mRNA from 20 of the normal lung and rumor samples Immunohistochernistry was performed lor 1GFBP3, cystatin C 

was examined by northern-blot hybridization with probes /or in- and HSP-70 to determine whether mRNA overexpiession was re- 

sulin-like growth factor-binding protein 3 (JGFBP3), cystatin C fleeted by an increase of their corresponding proteins in tumors. 



2b). In both assays, JGFBP3 and IDH-A mRNA levels increased 
from stage 1 to stage 11J adenocarcinomas and were higher than 
those in nonnal lung. Cystatin C rnRNA levels were more variable 
but relatively greater in normal Jung than tumors. These results 
suggest that the oligonucleotide microarrays provided reliable 
measures of gene expression. The tumors showed slightly greater 
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tig. 2 Validation analyse* ol gcne-e>pies- 
sion piofiling. «, Northern-blot analysis ot 
selected tandidaie genes to* verification 1 of 
data obtained from olioonutteolide arrays. 
The same i ample RNA foi the 4 uninvolved 
lung, 8 stage ( and 8 stage Ml tumors was 

used foi the noithpm blot and oligonut leolide array analyses. 
6, Correlation analysis of quantitative data obtained Ir om oligonucleotide 
arrays and norihei n blots measuied by integrated phosphonmaijef -bisect 
signals lor the ICfBPl and IDH-A genes. "Jhe ratio of ICfBP}, cystatin C 
and I Oil A mRNA to ?8S iHNA was deteimined. The relative value:, tor 
cadi gene from path sample are shown, n, non-neoplastir norrn:jl luno; 
1. itage I tumors; 3, Mage 111 tumors, e, Immunohisloihemit al analyiis, o) 
ICFBP-3, \l\P-70 and cystatin C in lung and lung adenot ait inciuas. 
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with prominent apical staining (blue read ant staining, anow, upper lell). 
Drtluse cytoplasmic MSP- 70 rmmunor eat tivity (tumor 1 ?7), yet stiomal el- 
einrnls show no r eat tivity (upper right). Normal lung patent hyrna (lower 
lell) shows tytoplasmic tystatin C imrnunofeat tivity in alveolar pneurno- 
< vies (ano-.v) and intia- alveolar mauophages hut tumor (I90).\fjovvj dil- 
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Immunoreactivity for both JGFBP-3 and 775^-70 (Fig. 2c) was de- 
tected in the cytoplasm ol the adenocarcinomas, with little de- 
tectable reactivity in the stromal or inflammatory ceils. Cystatin 
C was detected in alveolar pneumocytes and in tr a- alveola i 
macrophages in nonneoplastic lung parenchyma and also con- 
sistently in the cytoplasm ol neoplastic cells. 

Gene-expr ession profiles predict survival 

As expected, Kaplan-Meier survival curves (Fig. 3a) and log-rank 
tests indicated poorer survival among stage HI compared with 
stage 1 adenocarcinomas (P = < 0.000 1). Two statistical ap- 
proaches were used to determine whether gene-expression pio- 
/iles could piedict survival using the data set of 4,966 genes. In 
one approach, equal numbers of randomly assigned stage I and 
stage m tumors constituted tiaining (rr= 43) and testing (n = 43) 
sets, in the training set, the top JO, 20, 50 or 76 genes were used 
to neate risk indices that weie evaluated for their association 
with survival using the 50th, 60th oi 70th pcicentiie cutoff 
points to categorize patients into high oi low groups. The results 
wen- similar across cuioll points but the 50-gene risk index had 
the best overall association with survival in the irairting set. 

ft IE 



Ftg. 3 Gene-expression profiles and patient survival, o. Relationship be- 
tween tumor stage and patient survival (stage 1 and stage 3 differ signifi- 
cantly, p< 0.0001). b, Relationship between the survival in the 43 test 
samples and their risk assignments based on the 50-gene risk index esti- 
mated in the 43 training samples. The high- and low-risk groups differ sig- 
nificantly (P= 0.024). t, Relationship between patient survival and the risk 
assignments in test samples (in b) conditional for tumor stage. The higb- 
and low-risk stage I groups differ significantly (/»=" 0.028), whereas stage til 
low- and high-risk groups did not </>= 0.634). rf. Relationship between sur- 
vival in the test cases and their risk assignments based on the 86 leave-one- 
out' cross-validation of the 50-gene risk index. The high- and low-risk 
groups differ significantly {P = 0.0006). e. Relationship between test case's 
risk assignment and survival (in d) conditional on tumor stage. The high- 
and low-risk stage I lung adenocarcinoma groups differ significantry from 
each other (/>= 0.003), whereas low- and high-risk stage III tumors do not. 
/, Relationship between tumor class identified by hierarchical clustering and 
patient survival. Survival for patients in Cluster 3 differed relative to the tu- 
mors in Cluster 2 (P = 0.037) and approached significance for Cluster 1 and 
2 combined (P = 0.06). g. Analysis of the Michigan- based risk index using 
top cross-validated survival genes identify a low- and high-risk group in an 
independent cohort of 84 Massachusetts- based rung adenocarcinomas that 
are significantly different (P = 0.003). h. Among the 62 stage I lung adeno- 
carcinomas in the Massachusetts sample, the high- and low-risk groups dif- 
fered significantly (P= 0.006). 



After conservatively choosing the 60th percentile cutoff point 
from the tiaining set, we then applied this risk index and cutoff 
point to the testing set. The risk index of the top 50 genes cor- 
rectly identified low- and high-risk individuals within the inde- 
pendent testing set (P = 0.024) (Fig. 3 b and Supplementary 
Methods online). Notably, 11 stage I tumors were included in 
the high-risk subgroup. When this risk assignment was then 
conditionally examined for stage progression (Fig. 3c), low- and 
high-risk groups among stage I tumors were found to differ (P = 
0.028) in their survival. 

Identification of a robust set of survival genes 
Although predictive of patient survival, a single training-testing 
set may not provide the most robust set of genes due to random 
sampling issues. Therefore, a 'leave-one-out' cross-validation ap- 
proach was used to identify genes associated with survival from 
all 86 tumor samples. We first developed a 50-gene risk index in 
each training set, and then applied the risk index to the test case 
held out from the full set of tumors and assigned the held out 
tumor to the high- or low-risk groups (Fig. 3(f). The high and 
low-risk subgroups determined in the test cases differed signifi- 
cantly in their overall survival (P = 0.0006). Among the larger 
group of stage 1 lung adenocarcinomas, the low-risk (n = 46) and 
high-risk {n = 21) groups had markedly different survival {P = 
0.003) (Fig. 3e). Table 1 lists selected examples ol the cumulative 
top 100 genes derived horn this cross-validation procedure 
(complete list in Supplementary Table A online). 

It was also noted that many of the stage I patients in the high- 
risk subgroup {Fig. 3f) were present in Cluster 3 (Fig. 1). 
Kaplan-Meier analysis (Fig. 3f) demonstrated a significantly 
worse survival [J> = 0.037) tor patients in Cluster 3 relative to pa- 
tients in Cluster 2 and approaching significance for Cluster 1 
and 2 combined (/>= 0.06). This further indicates the important 
relationship between gene- expression profiles and patient sur- 
vival, independent oi disease stage. 

Consistent with previous analyses of lung adenocarcinomas 73 , 
40% ol stage I and 57.8% of stage III tumors had 12th or 13th 
cod on K-nrs gene mutations. Those patients with tumors con- 
taining K-r.u mutations showed a trend of poorer survival, but 
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Table 1 Selected examples of the top 100 genes from cross-validation 



Gene name P % P % Change in 

(normal versus . Change in tumor ' (stage I versus stage III 



CASP4 
P63 



tumor t-test) 
.036 
9.736-04 



-6% 
37% 



stage Ml Mest) 
0.02 
0.03 



57% 
43% 



Coefficient 



0.0022 
0.0010 
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KR77 
LAMB? 

BMP 2 
CDC6 

SI OOP 
5ERPINE1 

STX1A 

ADM 

AKAP 12 

ARHE 

CRB7 

VECF 

WNT10B 



HSPA8 

ERBB2 
FXYD3 
SLC20A1 



CSTB 

OSt 

CYP24 

FUT3 

MLN64 
PDE7A 
PLCL 
SIOA6 



COPEB 
CRK 

R[ LA 



KIAA0005 
MGB1 



8.02E-08 
0.14 

0.54 
1.3U-05 

2.10E-08 
2.89E-03 

8.65E-08 

0.05 
8:53 E- 03 

0.06 
2.02E-03 
6.50E-08 

0.05 



0.36 

0.04 
0.10 
1.34E-03 



1.57E-04 

0.48 
3.16E06 

1.07E07 

0.20 
0.1? 
0.04 
0.07 



0.10 
0.10 

0?6 



2.71 1-04 
0.77 



126% 
-20% 

-21% 
1070% 

1572% 
72% 

54% 

39% 
-4 7% 
-39% 
38% 
174% 
31% 



8% 

92% 
111% 

58% 



50% 
-10% 
N/A 

114% 

32% 
33% 
-68% 
-32% 



-33% 
32% 

-7% 



40% 
125% 



0.11 
0.01 

0.27 
0.05 

0.19 
0.25 

0.07 

0.04. 

0.05 

0.05 

0.63 

0.02 

0.48 



9.01 E-04 

0.37 
0.31 
0.02 



0.15 
0.03 
0.97 

0.97 

0.42 
0.01 
0.35 
0.12 



0.26 
0.03 

0.01 



0.02 
0.33 



55% 
60% 

47% 
148% 

77% 
30% 

26% 

117% 
214% 
87% 
15% 
85% 
20% 



51% 

120% 

73% 

66% 



34% 
67% 
2% 

-1% 

80% 
-35% 
- 1 70% 

86% 



25% 
48% 

20% 



45% 
459% 



0.0003 
0.0027 

0.0044 
0.0124 

0.0001 
0!0008 

0.0031 

0.0016 
0.0010 
0.0092 
0.0030 
0.0013 
0.0022 



0.0008 

0.0013 
0.0046 
0.0021 



0.0001 
0.0007 
0.0008 

0.0033 

0.0007 
-0.0187 
-0.0011 
0.0069 



0.0016 
6.0098 

0.0034 



0.0010 
0.0018 



Unigene comment 



Apoptosis-related ' 
Caspase 4, apoptosis- 

r elated cysteine protease 
Transmembrane protein (63 kD), 

endoplasmic reticulum/ 

Golgi intermediate compartment 

Cell adhesion and structure 
Keratin 7 
Laminin, pi 

Cell cycle and growth regulators 
Bone morphogenetic protein 2 
CDC6 (cell division cycle 6, 

Sacchprorrryces cerevisioe homolog) 
SI 00 calcium- binding protein P 
Serine (or cysteine) proteinase inhibitor, 

clade E {ne*in). 
Syntaxin 1A (brain) 

Cell signaling 
adrenomedullin 

A kinase (PRKA) anchor protein (gravin) 12 
i as homolog gene family, member E 
Growth factor receptor- bound protein 7 
Vascular endothelial growth factor 
Wingless- type MMTV integration site family, 
member. 10B 

Chaperones 

Heat-shock 70 kD protein 8 
Receptors 

v-erb-b2 avian erythroblastic leukemia viral 
oncogene homolog 2 
FXVD domain-containing ion transport 

regulator 3 
Solute carrier famiry 20 (phosphate 

transporter), member 1 

Enzymes, cellular metabolism 
Cystatin B (stetin B) 
Cathepsin t 

Cytochrome P450, subfamily XXrV 

(vitamin D 24-hydroxylase) 
Fucosyltransf erase 3 (gatactoskie 3(4)-L- 

lucosyltransterase, lewis blood group included) 
Steroidogenic acute regulatory protein related 
Phosphodiesterase 7A 
Plasminogen- tike 

Solute carrier famiry 1 (high-affinity aspartate/ 
glutamate transporter), member 6 

Transcription and translation 

Core promoter element binding protein 

v-crk avian sarcoma virus 0 10 oncogene 

homolog 
v-rt?( avian retkuloendothelrosis viral 

oncogene homolog A 

Unknown function 
KIAA0005 gene product 
Fvtainmagtobin I 
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Table 1 Selec led e>arnples ot the cumulative top 100 genes identified using 
training-testing, t ion- validation of all 86 lung tumor samples. The percent 
change, as well as the dirt-c tion, lor the aveiage values of the 10 non- neoplastic 
lung to all tumors, and tor the 67 Maqe I to the 1 9 stage til tumors are shown. A 
positive (©efficient {} value u indicative of a relationship of gene e> pression to a 



poorer patient outcome. The genes ate listed in potential lunctiona) categories. 
Genes (hat weie also present in the top 50. survival genes using the 43-lumoi 
i raining set (Fig. 3b) are indicated in bold type. Complete lilting of the gene 
probe sets and annotated gene and unigene identifiers (an be found in the 
Supplementary Methods. 
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fig. 4 Gene e*pre_vsion patterns of top survival yen<\\ a t Gene- e>.pie>s>w» pattein.t de- 
ter mined u^ing ayglomer alive hierarc hkal clustering ul the B6 lung adenoon inomas 
against the 100 survival-related genes (I able 1) identified by the training teitimj, oom- 
validation analysis. i>ubstanlially elevated (red) or detreased (nrec.n) e>piession ot the 
genes ij observed in individual tumor a. 5ome turners (blatV stiuw and e>panded area) 
show e>lre»nely elevated expression ot ipeofic genes, b, An outlier qene-e>pM's:ion pat- 
tern (>> lime: the interquartile range among all samples) i> observed lor ihe r<W3? and 
Rrg)A genes {top left and right, respectively). The 5 J 00V and <rt genes (bottom let! and 
right, respectively) :how a graded pattern ol expression related to patient survival. O, 
alive; dead (also in <)■ "IhP itumbrr ot outliers pfr ptr>on identitied in the top ) 00 
grnei plotted by jurvival dt\hihution. 



(D 



O 



- 
O 

O O 

Q) 

Xt 
r~ 

c, 

3 m - 
2 



20 40 60 eo 

Survival time (mo) 



too 



H20 



WOURI Mf pit IN| - VOI'UMt ti * N'L'r.iBIRB - AUCl/M 700? 



this difference did not reach statistical significance among all 
patients {P - 0.25), between patients within tumor clusters (P = 

-0.41) or when analyzed separately among stage I {P = 0.22) and 
stage HI (P= 0.53) patients. Nuclear accumulation of p53 was de- 
tected in 1 7.9% stage 1 and in 22.2% stage 111 tumors. No signifi- 

. cant, relationship was observed for p53 staining and patient 
survival, cluster or tumor stage. 

Confirmation using an independent set of adenocarcinomas 
The robustness of our 50-gene risk index in predicting survival in 
lung adenocarcinomas was tested using oligonucleotide gene-ex - 
piession data obtained from a completely independent 
(Massachusetts-based) sample of 84 lung adenocarcinomas (62 
.stage 1, 14 stage II and 8 stage III; ref. 21, and dataset A at 
wTvw.genome.wj.mit.edu/MPR/Iung). To ensure equivalent 
power for testing and comparability of samples, the criteria for 
including tumors in the analysis were 4Q% or greater tumor cellu- 
Jarity, no mixed histology (that is, adenosquamous) and patient 
survival information. To obtain comparative gene-expression 
measures between the two data sets, gene sequences present on 
the U95A and HuGeneFL array were examined, and expression 
data for our top 50 cross-validation genes for all 84 Massachusetts 
samples were obtained and processed 2 * (see also Supplementary 
Methods online ). When we examined the risk assignment of 
these 84 samples, employing the identical cutoff point used for 
the 86 Michigan-based lung samples, we observed low- and high- 
risk groups (Fig. 3j; P~ 0.003). Notably, among the 62 stage 1 tu- 
mors, high- and low-risk groups were observed that differed 
significantly {P = 0.006) in their survival (Fig. 3/*).. 

Survival gene* had graded and outlier expression patterns 

A statistical and graphical analysis of the 100 survival-related 



genes (Table 1) clustered against all 86 tumors revealed individ- 
ual rumors with substantially elevated expression in both a lim- 
ited and larger number of genes (Fig. 4a). Among these genes, we 
observed two distinct patterns of expression related to patient 
survival. One pattern, designated 'outlier', included genes show- 
ing substantially elevated expression (greater than five times the 
interquartile range among all samples), whereas the other pat- 
tern, designated 'graded', was characterized by continuously dis- 
tributed expression with patient survival (Fig. 4b). The erbB2 and 
Reg} A genes are examples of outlier expression patterns and 
S100P and ak genes of graded patterns. The number of outliers 
per person in the top 100 genes was identified and plotted ac- 
cording to survival times and events (Fig. 4c). Both stage I and 
stage 111 lung adenocarcinomas showed outlier gene patterns 
and 10 tumors contained 3 or more outlier genes. 

Because gene amplification may result in increased gene ex- 
pression, the nine genes with outlier expression patterns (erbft2, 
SLCJA6, Wnt 1, MGB1, Reg} A, AKAPW, PACE, CYP24, KYNU) 
and one gene with a graded expression pattern {KRT}$) were ex- 
amined using quantitative genomic PCR to evaluate genomic 
copy number (Fig. 5a). Gene amplification of crbB2 (17ql2) was 
detected in tumor L94, which had the highest erbB2 mRNA ex- 
pression (Fig. 4a). Gene amplification was not detected for any 
of the other seven tested genes in tumor L94, as well as in other 
tumors. The two genes most frequently demonstrating the out- 
lier pattern in these lung adenocarcinomas were KYNU and 
CYPZ4, and were present in 10 and 9 tumors, respectively. 
CKP24 has been described as a gene amplified and overexpressed 
in breast cancer 25 , and these results indicate elevated expression 
in lung adenocarcinoma. 

To determine whether the graded or outlier gene- ex pi ess ion 
patterns also occur at the piotein-expression level, 10 of the 100 
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hg. 5 Gene amplification and protein expression of survival- related genes, 
o. Analysis ol potential gene amplification for 9 genes showing outlier expres- 
sion patterns in the lung tumors (erbB2, MC/A6, Wnt 1, MCB1, ffrglA, 
AKAP1 2, PACl, CXP2A and KYNU) and examined using quantitative genomic 
PCR. A gene showing graded ex predion pattern (KRT\Bl and one gene 
(PACfA) with a iirnilar chromosome location as PACl, were wed as controls. 
Only abB? and ReglA are shown. An esophageal adenocarcinoma with 
Jnown high levfl genomic amplification ol c/bB? was used as a positive con- 
Irol and normal e\ophagm DMA was uied as a negative contiol (Ctl). PC Ft 
fragments sires wne 343 hp lot CAPOH, 166 hp (or erbB? anil 1 ?6 bp lor 



ffrpl A. DNA is horn normal lung (N) and tumor (T) liorn each patient (for ex- 
ample 137). b, Immunohijtochemital analyst ot survival related genes with 
lung adenocarcinoma rnic loan ays using the tumors horn this" study. I he 
transmembrane erbB2 protein (top lelt) expression is substantially increased 
in tumor 19 A containing the amplified eibB2 gene {lig. -to and b). expression 
ol VtCI (top riyht) and SI OOP (bottom lett) was located within the neoplas- 
tic cells and the pattern of immunoreac tivily was consistent with the oiaded 
expression pattern demons i rated by their mRNA pioliles. I.xpression of the 
oncogene fik {bottom right) was abundantly expressed in neoplastic lunn 
( r lis. Magnification, x-WO (erbB?); >?0V Cl , M OOP and crlt). 
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top survival genes (Table 1) for which specific antibodies weie 
available were chosen for immunohistochemical analysis using 
lung-tumoi ai rays from this study (Fig. Sb). Expression of mem- 
brane erbB2 protein was substantially increased in the er£?B2-am- 
plified tumor L94 and very low levels of expression were present 
in other tumors, consistent with mRNA-expression measure- 
ments (Fig. 4a and b). CDC6 protein expression was also sub- 
stantially higher in tumor L94; consistent with mRNA leveJs 
(data not shown). Expression of vascular endothelial growth fac- 
tor (VEGF) and S100P (Fig. Sb), as well as cytokeratin 18 (KRT38), 
cytokeratin 7 (KRT7) and fas-associated death domain (FADD) 
protein (data not shown), was located within the lung tumor 
cells and consistent with the graded expression pattern of the 
mRNA profiles. The oncogene ak showed both graded mRNA as 
well as a graded protein- expression pattern with survival, and 
was abundantly expressed in the tumor cells (Fig. Sb). These re- 
sults indicate that many survival-associated genes aie expressed 
at the protein level and demonstrate similar mRNA and protein- 
expression patterns. 

Discussion 

We used several approaches for the analysis of gene- expression 
data related to dinicopathological variables and patient sur- 
vival. One approach, hierarchical clustering, was used to exam- 
ine similarities among lung adenocarcinomas in their patterns 
of gene expression. Previous studies of Jung tumors 3 ' " have also 
used this method to describe subclasses of lung tumors. Here, 
we found three clusters that showed significant differences with 
respect to tumor stage and tumor differentiation. This suggests, 
as expected, that tumors with similar histological features of 
differentiation demonstrate similarities in gene expression. 
This feature also partly underlies the observed statistical associ- 
ation of tumor stage and cluster, as many of the higher-stage tu- 
mors, olten poorly differentiated and previously associated 
with a reduced survival*- 10 , were located in Cluster 3. Although 
this cluster contained the highest percentage of stage III tu- 
mors, it also contained a neaily equal mixture of stage 1 and 
stage 111 tumors and not all tumors were poorly differentiated. 
This indicates that a subset of stage 1 lung adenocarcinomas 
share gene-expression profiles with higher-stage tumors. 
Notably, 10 of the 1 1 stage I tumors found in Cluster 3 weie the 
high-risk stage I tumors identified using the risk index in the 
'leave-one-out' cross-validation. 

In contrast to previous analyses ol lung adenocarcinomas 71,77 , 
we validated the expression data horn the arrays. The strong cor- 
relation ol northern-bJot analysis and oligonucleotide-array data 
lor gene expiession in the same samples (Fig. 2b) indicates that 
these studies provide robust gene-expression estimates. 
Immunohistocheinistiy using the same tumor samples in tissue 
arrays demonstrates protein expression within the lung tumor 
cells. Together, these studies indicate that many ol the genes 
identilied using gene- expression profiles aie likely relevant to 
Jung adenocarcinoma. For example, JGFBP3 gene expression is 
increased in lung adenocarcinomas (Fig. 2c). IGFBP3 protein 
modtdates ihe autocrine or paracrine effects ol insulin-like 
growth factors, elevated IGFBP3 expression is observed in colon 
cancer 7 *, and increased seium IGFBP3 is associated with progres- 
sion in hieasl oncer 7 . Heat-shock protein 70 (HSP-70) is in- 
creased in lung adenoc arcinomas ot smokers 7 " arrd is associated 
with increased metastatic potential in breast cancer*. Increased 
serum lactate dehydrogenase is cor related with tumor stage and 
tumor burden*", and cystatin C, a cysteine protease inhibitor ex- 



pressed in human lung cancers 31 , is prognostic in some cancers 32 . 
The decreased expression of this protease inhibitor may affect 
the invasive properties of the tumor cell. 

. The cross-validation analytical strategy we used is particularly 
informative for these types of. gene-expression analyses for dis- 
ease outcome 31,3 *, and identification of cross-validated genes with 
a larger tumor cohort may help refine this risk index for use in a 
clinical setting. The gene-expression data also provide opportuni T 
ties to observe overarching patterns that advance our under- 
standing of associations between genes and disease. For example, 
the top 100 survival genes include those involved in signaling, 
cell cycle and growth, transcription, translation and metabolism. 
Expression of many of these genes is likely a function of increased 
proliferation and metabolism in the more aggressive tumors. 
Some genes, such as eibb2 and Keg} A (Fig. 4a and b), were highly 
overexpressed in a few patients having poor survival. In one 
tumor, the erbB2 gene was amplified (Fig. Sa), demonstrating that 
genomic changes may underlie the overexpression of a subset of 
these outlier genes. Immunohistochemistry confirmed protein 
overexpression in this patient's tumor (Fig. Sb). Notably, seven of 
the eight outlier genes were not amplified, indicating that other 
mechanisms underlie the increased mRNA expression of these 
survival-related genes. 

Most genes showed a graded relationship between expression 
and patient survival. Genes such as that encoding VEGF, known 
to be strongly associated with survival in lung cancer 3 *' 3 * were 
identified as related to patient survival in our study, VEGF 
demonstrated a graded expression pattern, as did the S100P and 
ak oncogene (Fig. Sb). S100P is a calcium-regulated protein not 
previously reported in lung cancer. The ak gene, the cellular ho- 
molog of the v-ak oncogene, is a member of a family of adaptor 
proteins involved in signal transduction and interacts directly 
with c-jun N-terrninal kinase 1 ONKl) 31 . Although ak has not 
been shown to have a role lung cancer, its role in the MAP- ki- 
nase pathway, which leads to activation ol matrix metallopro- 
teinase secretion and cell invasion 38 , indicates potential 
involvement in the the tumor cell invasion or metastasis of 
some lung adenocarcinomas. Among the many genes identilied 
in this study, like ok, that may be causally involved in lung can- 
cer progression (Table I), some were related to survival in many 
patients, and others in only smaller subsets of patients. This re- 
sult is consistent with the complex molecular architecture ol tu- 
mors in general, the heterogeneity of lung adenocarcinomas in 
particular and the multiple mechanisms underlying turnor-cell 
survival, invasion and metastasis" 

Our results demonstrate that a gene-expression risk profile — 
based on the genes most associated with patient survival— can 
distinguish stage I lung adenocarcinomas and differentiate prog- 
noses. The particular genes that define the clusters, or aie associ- 
ated with survival, likely reflect the characteristics ol the 
particular tumors included in the analysis. Current therapy for 
patients wjih stage 1 disease usually consists of surgical resection 
without adjuvant treatment*- 3 . Clearly, the identification ol a 
high-risk group among patients with stage I disease would lead 
to consideration of additional therapeutic intervention for this 
group, possibly leading to improved survival of these patients. 

Methods 

Patient population. Sequential patients seen at (hp University of Michirjan 
Ho: pit at between May 1 U SM and fuly ?OO0 tot it age I or itr.ge II' lung aiic- 
nocaiiinorna wpie evaluated foi t tits study. Consent waj received and the 
project was approved by the local Institutional Review Board. Primary,' iu- 
rnoi> and adjacent non- neoplastic king tissue werr obtained a! the trrne of 
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surgery. Peripheral portions of resected long carcinomas were sectioned, 
evaluated by a study pathologist and compared with routine H&E sections 
of the same tumors, and utilized for mRNA isolation. Regions chosen for 
analysis contained a tumor. ceHularity greater than 70%, no mixed histol- 
ogy, potential metastatic origin, extensive lymphocytic infiltration or fibro- 
sis. Tumors were histopathologically divided into . two categories based on 
their growth pattern: bronchial-derived, if they exhibited invasive features 
with architectural destruction, and bronchiqloalvepbr, if they exhibited 
preservation of the lung architecture. All stage I patients received only sur- 
gical resection with intra-tboracic nodal sampling and no other treatments. 
Stage HI patients received surgical resection plus chemotherapy and radio- 
therapy. 

Cene-expression profiling and K-ras mutation analysis. RNA isolation, 
cRNA synthesis and gene-expression profiling were performed as de- , 
scribed". Details of gene annotation and K-ros mutation analysis are pro- 
vided in supplementary information. 

Northern-blot analysis. Total cellular RNA (10 pg) was separated in 1.2% 
agarose-formaldehyde gels and vacuum- transferred to Gene Screen Plus 
(NEN Life Science Products, Boston, Massachusetts): Hybridization condi- 
tions and probe labeling were as described* 0 . Individual sequence-validated 
cDNA image clones lor hum3n IGF BPS (clone 1407750), IDH-A (clone 
2420241), cystatin C (CTS3; clone 949938) were from Research Genetics 
(HuntsvilJe, Alabama). The human histone H4 cDNA and the 285 ribosomal 
RNA 26-mer oligonucleotide probe were prepared and labeled as de- 
scribed*". 

Gene-amplification analysis. 11 genes were selected lor the analysis of ge- 
nomic alterations. Primers were designed using PrimerSelett 4.05 Windows 
32 software (DNA5TAR, Madison, Wisconsin), avoiding pseudogenes or po- 
tential homologous regions. Forward and reverse primers for the genes are 
provided (Supplementary Methods online). Quantitative genomic-PCR was 
then applied and analyzed as described 4 



Note: Supplemental information is ovoilobte on the Noture Medicine website. 



Immunohistochemical staining. The H&E-stained slides of all primary 
tung tumors were used to identify the most representative regions o) each 
tumor and a tissue microanay (TMA) block was constructed as described* 1 . 
Immunohistochemistry (1HC) was performed using both routine and sec- 
tions from the TMA block as described 1 *. Detailed methods and the con- 
centrations used for all antibodies are provided in the Supplementary 
Methods. 

Statistical methods, f- tests were used to identify difference! in mean gene- 
expiession levels between comparison groups. Agglomerative hierarchical 
clustering*' was applied using the average linkage method to investigate 
whether theie wai evidence for natural groupings ol tumor samples based 
on correlations between gene-expression profiles. To investigate the ro- 
bustness ol the clustering inference, gene-expreision values were per- 
turbed by adding random Gaussian error of magnitude obtained liom a 
duplicate sample lo each" data point and then recluslered to determine con- 
cordant e in the tumor's class membership. Pearson, y J and fisher's exact 
tests were used to assess whether cluster membership was associated with 
physical and genetic characteristics of the tumois. 

7o deiermine whether gene-expression profiles were associated with 
variability in survival times, 2 separate but complementary approaches 
were used. In the lirst approach, the 86 tumors were randomly assigned to 
equivalent training and testing jets consisting of equal numbers ot Mage I 
and IM tumors in order to validate a novel risk-index Kmc lion that captured 
the et*e( t ot many genes at once. In the second approach, cross-validation** 
was used lo more robustly identify the genes associated with survival. 
Briefly, a 'leave- one- out' cross-validation procedure in which 85 ol the 86 
tumois (the training set) was used to identity genes thai vveie univariate!)' 
a;soc iaied with survival. "I he risk index was delined as a linear combination 
of the gme- expression values tor the top genes identilied by univariate Cox 
proportional hazard regression modeling 0 , weighted by their estimated re- 
gression coefficients. Kaplan- Meier survival plots and log- rank tests were 
then used to assess whether the risk- index, assignment to high/low tatp- 
gories wai validated in the test set. A more detailed description is provided 
{Supplementary Methods online). 
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Rapid quantitation of proinflammatory and chemoattractant cytokine 
expression in small tissue samples and monocyte-derived dendritic cells: 
validation of a new real-time RT-PCR technology* 

Blaschke V, Reich K, Blaschke S, Zipprich S , Ncu 

Department of Dermatology, von-Siebold-Str. 3, D-37075, Goettingen, Germany 
vblasch@gwdg!de 

the analysis of cytokine profiles, plays .a central part in the characterization of disease- 
related inflammatory pathways and the identification of functional properties of immune 
cell subpopulations. Because tissue biopsy samples are too small to allow the detection of 
cytokine protein, the detection of rnRNA by RT-PCR analysis is often used to investigate 
the cytokine milieu in inflammatory lesions. RT-PCR itselfis a qualitative method, 
indicating the presence or absence of specific transcripts. With the use of internal or 
external standards it may also serve as a quantitative method. The most widely accepted 
method is quantitative competitive RT-PCR, based on internal shortened standards. 
Recently, online real-time PCR has been introduced (LightCycler), which allows 
quantitation in less than 30 min. Here, we have tested its use for the analysis of cytokine . 
gene expression in different experimental in vitro and ex vivo settings. First, we 
compared quantitative competitive RT-PCR with real-time RT-PCR in the quantitation of 
transcription levels of the CD4(+) cell-specific chemoattractant Interleukin-16 during the 
maturation of monocyte-derived dendritic cells, and found a good correlation between 
both methods. Second, differences in the amounts of IL-16 mRNA in synovial tissue 
from patients with rheumatoid arthritis and osteoarthritis as assessed by real-time RT- 
PCR paralleled differences in the level of IL- 16 protein in the synovial fluid. Finally, we 
employed real-time RT-PCR to study the cutaneous expression of several cytokines 
during experimental immunomodulatory therapy of psoriasis by Interleukin-10, and 
demonstrate that the technique is suitable for pharmacogenomic monitoring. In summary, 
real-time RT-PCR is a sensitive and rapid tool for quantifying mRNA expression even 
with small quantities of tissue. The results obtained do not differ from those generated by . 
quantitative competitive RT-PCR. 

Publication Types: 

Evaluation Studies 
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Butyrate-uiduced reversal of dexaiuethasoue resistance in autonomous rat 
Nb2 lymphoma cells. 

Buckley AR, Krumcnacker JS Bucldcy DJ . Leff MA , Magnusou NS . Reed JC 
Mtyashita T . de Jong G . Gout PVV . 

Department of Pharmacology and Toxicology, University of North Dakota School of 
Medicine and Health Sciences, Grand Forks 58202-9037, USA. 
abuckJey@maiLrned.und.nodak;edu 

The parental rat Nb2 lymphoma is a prolactin (PRL)-dependent T cell line. Exposure of a 
PRL-independent subline, Nb2-SFJCD 1 , to sodium butyrate (NaBT) causes transient 
reversal of their growth factor-independent proliferation in association with constitutive 
expression of protooncogenes pim-1 and c-myc. In the present study, we investigated the 
effect of NaBT treatment on the sensitivity of Nb2-SFJCD1 cells to dexaniethasone 
(DEX)-induced apoptosis. Pretreatment with NaBT (2 mM, 72 h) partially reversed 
resistance to apoptosis in Nb2-SFJCD1 cells exposed to DEX (1 00 nM) for 12 h, . 
assessed by flow, cytometric analyses of DNA fragmentation. However, the cytolytic 
effect of DEX was abrogated by PRL in a time- and concentration-dependent manner. 
Evaluation of apoptosis-associated gene expression in NaBT-pre-treated cultures 
incubated with DEX or DEXHPRL indicated that the apoptosis resistance did not stem 
from altered bcl-2 or bax expression. However, there was a strong correlation between 
; the resistance to DEX-activated apoptosis and their enhanced expression of pim-1 mRNA 
and protein. The results show that it is possible to reverse DEX-induced apoptosis of Nb2 
pre-T cells and suggest the pim-1 gene product has an important role as a suppressor of 
this process, perhaps functioning as a mediator of PRL action. 



PMID: 14646523 [PubMed] 



283 : Neurosci Le tt, 1 999 Apr 23 ;265(3): 191-4. 1 Related Articles, Links 

{ELSE V I EJKj 

Alterations in neuropeptide Y levels and Yl binding sites in the Flinders 
Sensitive Line rats, a genetic animal model of depression. 

Caberlotto L , Jimenez P. Overstreet DHL Kurd YL , Mathe A A , Fuxe K . 

Department of Neurosci ence, Karolinska Institute, Stockholm, Sweden. 

Previously, we observed specific alterations of neuropeptide Y (NPY) and Yl receptor 
mRN A expression in discrete regions of the Flinders Sensitive Line rats (FS L), an animal 
model of depression. In order to clarify the correlation between mRNA expression and 
protein content, radioimmunoassay and receptor autoradiography were currently 
performed. In the FSL.rats, NPY-Iike immunoreactivity (NPY-LI) was decreased in the 
. hippocampal CA region, while Yl binding sites were increased; NPY-LI was increased 
in the arcuate nucleus. Fluoxetine treatment elevated NPY-LI in the arcuate and anterior 
cingulate cortex and increased Yl binding sites in the medial amygdala and occipital 
cortex in both strains. No differences were found regarding the Y2 binding sites. The 
results demonstrate a good correlation between NPY peptide and mJRNA expression, and 
sustain the possible involvement of NPY and Yl receptors in depression. 
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Neurokinin 1 receptor and relative abundance of the short and long 
isoforrns in the human brain. 

Cabcrlotto L , Hui d YL, Murdock P , Wahlin JP , Mclotto S , Corsi M y Carlctti R . 

Department of Biology, Psychiatry CEDD, GlaxoSmithKIine Medicine Research Centre, 
Verona, Italy. Laura: L.Caberldtto@gsk.com 

Substance P exerts its various biochemical effects mainly via interactions through 
neurokinin- 1 receptors (NKl). Recently, the NKl receptor has attracted considerable 
interest for its possible role in a variety of psychiatric disorders including depression and 
anxiety. However, little is known regarding the anatomical distribution of NK I in the 
human central nervous system (CNS). Riboprobe in situ hybridization, quantitative PCR 
and in vitro autoradiography were performed. Highest NK1 mRNA levels were localized 
in the locus coeruleus and ventral striatum, while moderate hybridization signals were 
observed in the cerebral cortex (most abundant in the visual cortex), hippocampus and 
different amygdaloid nuclei. Very low levels of the NIC1 mRNA were detected in the 
cerebellum and thalamus. In view of the existence of a long and short isoform of the NK1 
receptor, it was of interest to assess whether there was a differential distribution of the 
two splice variants in the human CNS and peripheral tissues. A quantitative TaqMan 
PCR analysis showed that the long NK1 isoform was the most prevalent throughout the 
human brain, while in peripheral tissues the truncated form was the most represented. 
3H-Substance P autoradiography revealed a good correlation between receptor binding 
sites and NKl mRNA expression throughout the brain, with the highest levels of binding 
in the locus coeruleus. These results provide the anatomical evidence that the NKl 
receptors have a strong association with neuronal systems relevant to mood regulation 
and stress in the human brain, but do not suggest a region-specific role of the two 
isoforms in die CNS. 
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Characterization of cyclin D2 expression in human endometrium. 
ChoiJ), YoonS, Lee E . Hwang S . Song S, Kim J , Yoon BtC Lec JH . 

. Department of Obstetrics and Gynecology, Samsung Medical Center, Sungkyunkwan 
University School of Medicine, Seoul, South Korea. dschoi@smc.samsung.co.kr 

OBJECTrVE: This study was undertaken to investigate cyclin D2 mRNA and protein 
expression in human endometrium during the menstrual cycle. METHODS: Endometrial 
samples were obtained from 15 premenopausal nonpregnant women who had 
hysterectomies for benign gynecologic reasons. They were divided into the following five 
groups according to histologic dating: early proliferative (n = 3), mid to late proliferative 
(n = 3), early secretory (n = 3), mid secretory (n = 3), and late secretory (n = 3). Cyclin 
D2 mRNA and protein expression were analyzed using reverse transcriptase-polymerase 
chain reaction, Western blotting, and irhxnunohistochemistry. RESULTS: Cyclin D2 
mRNA and protein were expressed in human endometrial tissue throughout the menstrual 
cycle. Cyclin D2 mRNA and protein expression of proliferative phase endometrium were 
significantly higher than those of secretory phase endometrium (P <.05). The staining 
intensity of cyclin D2 in proliferative phase endometrium was higher than that in 
secretory phase (P <.05). Cyclin D2 mRNA level showed good correlation with cyclin 
D2 protein level (R = 0.579, P <.03), and cyclin D2 protein also showed good correlation 
with immunohistochemical staining intensity (R = 0.562, P <.03). CONCLUSION: 
Cyclin D2 was expressed in human endometrium throughout the menstrual cycle. Cyclin 
D2 mRNA and protein were expressed at high levels in proliferative phase endometrium, 
especially in the early proliferative phase, and then decreased in die secretory phase. 
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Human chorionic gonadotrophs beta expression in malignant Barrett's 
oesophagus. 

Couvelard A, Paraf F , Vidaud D , Dubois S , Vidand M , Flcjou JF , Pegott C . 

Service d'Anatomie Pathologique, Hopital Beaujon, 921 18 Clichy cedex, France, 
ajnne.couvelard@bjn.ap4iop-paris.fr 

BACKGROUND: Human cliorionic gonadotrophin beta (hCGbeta) is expressed in 
several non-trophoblastic tumours, and this is usually associated with aggressive 
behaviour. Little is known about hCGbeta expression in Barrett's adenocarcinoma. 
MATERIALS AND METHODS: We determined the hCGbeta profile in a large series of 
surgically resected Barrett's adenocarcinoma (a) at mRNA level using real-time 
quantitative reverse-transcription polymerase chain reaction analysis and (b) at protein 
level using immunohistochemistry with a polyclonal antibody and with a monoclonal . 
antibody specific for free hCGbeta. We then sought links between the hCGbeta protein 
expression pattern and clinical and pathological parameters, including patient outcome as 
well as vascular endothelial growth factor (VEGF) expression. RESULTS: hCGbeta 
protein expression was observed in 43 of 76 (57%) Barrett's adenocarcinomas. We 
showed a strong correlation between hCGbeta protein abundance and CGB mRNA level. 
We observed a statistical link between hCGbeta protein expression and infiltrative 
tumour type ( P-0.023), perineural neoplastic invasion ( P=0.007) and VEGF protein 
expression ( P=0.016). hCGbeta expression tended to be associated with a poor outcome 
(16% versus 36% survival 8 years after resection). CONCLUSION: Expression of 
hCGbeta correlates with specific infiltrative characteristics and is associated widi higher 
VEGF expression. Both molecules may play a co-ordinated role in the development of 
Barrett's adenocarcinomas. 
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Downregulation of ENaC activity and expression by TNF-alpha in alveolar 
epithelial cells. 

Dagcnais A , Freche tte R , Yamagata Y , Yamagata T . CarmejJF. Clermont ME 
Brochiero E . Masse C . Bet thiaume Y . ? 

Centre de recherche, CHUM-Hotel-Dieu, 3850 St-Urbain, Montreal, Quebec, Canada 
H2WlT7.aiidre.dagenais.clium@ssss.gouv.qc.ca' 

Sodium absorption by an amiloride-sensitive channel is the main driving force of lung 
liquid clearance at birth and lung edema clearance in adulthood, In this study, we tested 
whether tumor necrosis factor-alpha (TNF-alpha), a proinflammatory cytokine involved 
in several lung pathologies, could modulate sodium absorption in cultured alveolar 
epithelial cells. We found that TNF-alpha decreased the expression of the alpha-, beta-, 
and gammasubunits of epithelial sodium channel (ENaC) mRNA to 36, 43, andl6% of 
the controls after 24-h treatment and reduced to 50% the amount of alpha-ENaC protein 
in these cells. There was no impact, however, on alpha(l) and beta(l) Na(+)-K(+)- 
ATPase mRNA expression. Amiloride-sensitive current and ouabain-sensitive Rb(+) 
uptake were reduced, respectively, to 28 and 39% of the controls. A strong correlation 
was found at different TNF-alpha concentrations between the decrease of amitoride- 
senstUve current and alpha-ENaC mRNA expression. All these data show that TNF- 
alpha, a proinflammatory cytokine present during lung infection, has a profound 
influence on the capacity of alveolar epithelial cells to transport sodium. 
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Involvement of the CCND1 gene in hairy eel! leukemia. 

dc Doer CJ , Kluin-Nelcmaiis JC . Dreef E , Kester MG , Kluin PM, Sch miring E, van 
Kriekca Jll . 

■ Department of Pathology, University of Leiden, The Netherlands. 

BACKGROUND: Previous results suggested increased mRNA expression of CCND1 in 
hairy cell leukemia (HCL). The CCND1 gene is involved in the t(l I;14)(ql3;q32) 
chromosomal rearrangement, a characteristic abnormality in mantle cell lymphoma 
(MCL). We and others reported that, in contrast to other B-cell lymphomas, almost all 
MCL have over-expression of the CCND1 gene with a good correlation between RNA 
and protein analysis. Recent studies showed that overexpression of the cyclin Dl protein 
can be easily detected by immunohistochemistry (IHC) on formalin-fixed, paraffin 
embedded tissues. PATIENTS AND METHODS: To investigate whether the CCND 1 
gene is involved in HCL, we performed IHC on a series of 22 cases using formalin-fixed 
paraffin embedded splenectomy specimens. For IHC the sections were boiled in citrate 
buffer. The presence of rearrangements within the BCL-l locus and the CCND1 gene 
was analyzed in 13 of 22 cases by Southern blot analysis using all available break-point 
probes. Expression of CCND I was analyzed at the mRNA level (Northern blot) and 
protein level (IHC). RESULTS: Overexpression of the cyclin Dl protein using IHC was 
observed in all cases, with strong expression in 5 cases. Pre-existing B- and T-cell areas 
of the spleen did not express significant levels of the cyclin Dl protein. Seven of 9 cases 
analyzed by both IHC and Northern blotting showed overexpression of the CCND1 gene 
with both methods. No genomic abnormalities were observed in any of die 13 cases 
studied by Southern blot analysis. Additionally, no t lql3 abnormalities were detected by 
banding analysis of 19 of 22 cases. CONCLUSIONS: The elevated levels of CCND1 
mRNA and protein in conjunction with the absence of overt rearrangements within the 
BCL- 1 locus distinguish HCL from MCL and other B-cell malignancies. This suggests 
that activation of the CCND I gene in HCL is due to. mechanisms other than chromosomal 
rearrangement. 
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Inhibin and activin production and subunit expression in humaa placental 
cells cultured in vitro. 

Pebicve F ; Pampfcr S , Thomas K . 

Department of Obstetrics and Gynecological Endocrinology, Universite Catholiquede 
Louvain, 1200 Brussels, Belgium. 

Inhtbins and activins are dimeric proteins, with each subunit being one of three related 
protein subunits (alpha, betaA or betaB). The mRNA levels of these subunits. were 
studied quantitatively during in-vitro differentiation of human cytotrophoblast cells into 
syncytium, using Northern blot analysis and semi-quantitative reverse transcription- 
polymerase chain reaction (RT-PCR) analysis. The corresponding protein concentrations 
were determined by specific enzyme-linked Immunosorbent assays for inhibin A, B, pro 
alphaC and activin A in cellular protein extracts and culture medium (n = 5). 
Immunofluorescence studies showed syncytium formation after 48 h. The alpha subunit 
was present before plating and increased at 48 h (P<0.001) while the betaA subunit was 
weak before plating and increased at 24 h. The betaB subunit was not detected. With 
respect to corresponding protein synthesis, inhibin A (alpha + betaA) had risen after 48 h 
in cellular protein extract and after 72 h in culture medium, while activin A (betaA + 
betaB) was detected after 24 h, with no significant variations in culture medium. There 
was a good correlation between inhibm A and alpha subunit expression (r = 0.736, 
PO.001), as well as between activin A and betaA subunit expression (r - 0.755, 
PO.001). This study showed that mRNA expression parallels protein synthesis of inhibin 
and activin in trophoblast cells. Inhibin A synthesis appears to be dependent on alpha 
subunit.mRNA expression, rather than on the betaA subunit which controls activin A 
synthesis. This study has also shown that isolated cytotrophoblast cells do not produce 
dimeric inhibin. However, during the transformation -of cytotrophoblast cells into 
syncytium, betaA subunit mRNA expression may be an indicator of cell aggregation, 
while alpha subunit mRNA expression may be an indicator of cell fusion. 
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Expression of membrane-type matrix metalloproteinases 4, 5, and 6 in 
mouse corneas infected with P. aeruginosa. 

Dong Z , KatarM , Alousi S , Berk RS . 

Department of rmmunology and Microbiology, Wayne State University School of . 
Medicine, 540 E. Canfield, Detroit, MI 48201, USA. 

PURPOSE: To investigate the expression and regulation of membrane-type matrix 
metalloproteinases (MT-MMPs) 4, 5, and 6 in the mouse corneas infected with 
Pseudomonas aeruginosa. METHODS: C57BL/6J mice were intracorneally infected with 
P. aeruginosa. The expression of MT4-, MT5-, and MT6-MMP was detected at both the 
mRNA and protein levels by RT-PCR and immunoblot analysis. Immunohistochemicai 
staining was performed tojocalize the expression of MT4- and MT5-MMP in the mouse 
corneas, RESULTS; Expression. of MT4- and MT5-MMP was detected in the normal . 
(uninfected) cornea by RT-PCR and immunoblot analysis. When infected with P. 
aeruginosa, the corneas snowed significant induction of each MT-MMP. Localization of 
MT4- and MT5-MMP revealed that the expression of MT5-MMP was restricted to the 
epithelial tissue in the normal cornea, whereas the induced expression of MT4- and MT5- 
MMP was predominantly in the substantia propria, which contained most of the 
infiltrating cells. MT6-MMP expression was not detected in the uninfected cornea but 
was upregulated in Uninfected corneas. CONCLUSIONS: Expression of MT4-, MT5-, 
and MT6-MMP was induced in corneas infected with P. aeruginosa. 
Iirununohistochemistry showed predominant immuuoreactivity of MT4- and MT5-MMP 
in the substantia propria. Previous histologic studies have revealed different patterns of 
inflammatory cell infiltration with an increased number of polymorphonuclear 
neutrophils (PMNs) during the early stage of inflammation and increased macrophages 
during the late stage. These results indicate a good correlation between the 
overexpression of the MT-MMPs in the infected corneas and the inflammatory response- 
that is, leukocyte infiltration-indicating that inflammatory cells such as macrophages and 
PMNs may play a role in the upregulation of MT-MMPs during corneal infection, which 
in turn can cause the destruction of corneal tissue. 
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Assessment of proliferative activity in colorectal carcinomas by 
quantitative reverse transcriptase-polymerase chain reaction (RT-PCR). 

Ductirow M Hascmevcr S , Broil R , Brucli VVindhovel U . 

Surgical Research Laboratory, Surgical Clinic, Medical University of Lubeck, 
Ratzeburger Allee 160, D-23538 Lubeck, Germany. 

The monoclonal antibody Ki-67 and the isospecific monoclonal antibody MfB-1 are 
routinely used in oncology to assess the proliferation index of tumor cells. A more 
objective and sensitive method is the determination of the of Ki-67 protein-specific 
mRNA by quantitative reverse transcriptase-polymerase chain reaction (RT-PCR). In 25 
resected colorectal adenocarcinomas of different stages and grades we determined 
between 0.2 and 4.4 ajnol (I0(-I8) mol) Ki-67 protein-specific mRNA per microgram 
total RNA (median = 0.88 amol). The corresponding Ki-67 indices (expressing the 
percentage of Ki-67/MIB-f positive tumor cells) ranged from 41 to 81% (median = 61%). 
We found a good correlation between Ki-67 index and mRNA expression (r = 0.75), a 
significant correlation between both data and tumor stage (primary tumor, regional nodes, 
metastasis [pTNMJ staging classification) (p < 0.001), but not between both data and 
tumor grade. Both Ki-67 indices (p = 0.05) and mRNA levels (p = 0.014) correlated 
significantly to the patients' survival. These results demonstrate that the Ki-67 protein- 
specific quantitative RT-PCR is a useful method for the characterization of tumor cell 
proliferation. 
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Molecular characterisation of carbohydrate digestion and absorption in 
equine small intestine. 

12ycrJ, Fcrnandcz- Castano Merediz K . Salmon ICS , Proudman CJ , Edwards GB . 
Shirazi-Becchcy SP . 

4 

Department of Veterinary Preclinical Sciences, University of Liverpool, UfC. 

Dietary carbohydrates, when digested and absorbed in the small intestine of the horse, 
provide a substantial fraction of metabolisable energy. However, if levels in diets exceed 
the capacity of the equine small intestine to digest and absorb them, they reach the 
hindgut, cause alterations in microbial populations and the metabolite products and 
predispose the horse to gastrointestinal diseases. We set out to determine, at the 
molecular level, the mechanisms, properties and the site of expression.of carbohydrate 
digestive and absorptive functions of the equine small intestinal brush-border membrane. 
We have demonstrated that the disaccharidases sucrase, lactase and maltase are expressed 
diversely along the length of the intestine and D-glucose is transported across the equine 
intestinal brush-border membrane by a high affinity, low capacity, Na-tVglucose 
• cotransporter type 1 isoform (SGLT1 ). The highest rate of transport is in duodenum > 
jejunum > ileum. We have cloned and sequenced the cDNA encoding equine SGLT1 and 
alignment with SGLT1 of other species indicates 85-89% homology at the nucleotide and 
84-87% identity at the amino acid levels. We have shown that there is a good correlation 
between levels of functional SGLT1 protein and SGLT1 mRNA abundance along the 
length of the small intestine. This indicates that the major site of glucose absorption in 
horses maintained on conventional grass-based diets is in the proximal intestine, and the 
expression of equine intestinal SGLTl along the proximal to distal axis of the intestine is 
regulated at the level of mRNA abundance. The data presented in this paper are the first 
to provide information on the capacity of the equine intestine to digest and absorb soluble 
carbohydrates and has implications for a better feed management, pharmaceutical 
intervention and for dietary supplementation in horses following intestinal resection. 
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Suppressors of cytokine signaling proteins are differentially expressed in 
Thl and Th2 cells: implications for Th cell lineage commitment and 
maintenance, 

Efiwuagu CE, YuCR, Zhang M, Mahdi RM, KimSJ, CcryJ 

Laboratory of Immunology, National Eye Institute, National Institutes of Health 
Bethesda, UD 20892, USA. emeka@helix.nili.gov 

Positive regulatory factors induced by IL-1 2/STAT4 and IL-4/STAT6 signaling during T 
cell development contribute to polarized patterns of cytokine expression manifested by 
differentiated Th cells. These two critical and antagonistic signaling pathways are under 
negative feedback regulation by a multimember family of intracellular proteins called 
suppressor of cytokine signaling (SOCS). However, it is not known whether these 
negative regulatory factors also modulate Thl/Th2 lineage commitment and maintenance. 
We show here that CD4(+) naive T cells constitutively express low levels of SQCS 1 , 
SOCS2, and SOCS3 rnRNAs. These mRNAs and their proteins increase significantly in 
nonpolarized Th cells after activation by TCR signaling. We further show that 
differentiation into Thl orTh2 phenotype is accompanied by preferential expression of 
distinct SOCS mRNA transcripts and proteins. SOCS1 expression is 5-fold higher in Thl 
than in Tli2 cells, whereas Th2 cells contain 23-fold higher levels of SOCS3. We also 
demonstrate that IL-12-induced STAT4 activation is inhibited in TIi2 cells that express 
high levels of SOCS3 whereas IL-4/STAT6 signaling is constitutively activated in Th2 
cells, but not Thl cells, with high SOCS1 expression. These results suggest that mutually 
exclusive use of STAT4 and STAT6 signaling pathways by differentiated Th cells may 
derive in part, from SOCS3- or SOCS 1 -mediated repression of IL- 1 2/STAT4- or IL- 
4/STAT6 signaling in Th2 and Thl cells, respectively. Given the strong correlation 
between distinct patterns of SOCS expression and differentiation into the Thl or Th2 
phenotype, SOCS I and SOCS 3 proteins are therefore Th lineage markers that can serve 
as therapeutic targets for immune modulation therapy. 
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El-Ghrably IA , Dua HS , Orr GM, Fischer D, Tighe PJ . 

Larry A Donoso Laboratory for Eye Research, Department of Ophthalmology, University 
of Nottingham, UK. 

AIM: To examine the contribution of infiltrating cells in the local production of cytokines 
within the vitreous of patients with proliferative vitreoretinopathy (PVR), METHODS: 
The presence of mRNA coding for IL^6, IL-8, IL-lbeta, 1L-1 alpha, TNFalpha, 
IFNgamma, IL-12, and HPRT was investigated in 25 vitreous samples from patients with 
PVR, 1 1 vitreous samples from patients with retinal detachment (RD) not complicated by 
PVR, and 10 vitreous samples from patients with macular hole (MH). A quantitative 
reverse transcriptase polymerase chain reaction (RT-PCR) using an internal competitor 
was used to investigate these samples. From these samples, 15 PVR, 8 RD, and 8 MH 
were analysed for the' protein levels of the same cytokines using enzyme linked 
immunosorbent assay (ELISA). Spearman correlation was used to test any association 
between mRNA and cytokine protein levels^as an indicator of the contribution these cells 
make to the intravitreal cytokine milieu. RESULTS: A strong correlation was found 
between mRNA and their respective cytokine levels .{protein products) for 1L-6, IL-8, IL- 
lbeta, IL-lalpha, TNFalpha, IFNgamma (Spearman r = 0:83, 0.73, 0.67, 0.91, 0.73, and 
0.73 respectively), but not for IL-12. The median levels of IL-6, IL-8, IL-lbeta, and 
IFNgamma mRNA and their respective cytokines were significantly higher (p <0.05) in 
patients with PVR than in those with macular' hole. There was no statistically significant 
difference in the median levels of IL-1 alpha mRNA between PVR and MH but the 
cytokine IL-I alpha was detected at a significantly higher level in PVR compared with 
MH patients. Between PVR and RD patients, there was no statistically significant 
difference in mRNA levels for all the investigated cytokines (p >0.05) except for IL-6 
where, there was a statistical significance (p= 0.038). In contrast, the median levels of IL- 
6, IL-8, and IL-lbeta cytokines were significantly higher (p <0.05) in patients with PVR 
than in those with RD, whereas for IL- 1 alpha and IFNgamma no significant statistical 
difference was detected between PVR and RD patients (p >0.05). When results of RD 
and MH patients were compared, a statistical difference was only detected in mRNA 
levels of INFgamma (p := 0.008). However, no difference was detected for INFgamma 
(protein product) or for any of the other cytokines between RD and MH patients. 
CONCLUSION: Levels of both protein and mRNA encoding IL-6, IL-8, IL-lbeta, and 
IFNgamma is significantly increased in vitreous samples from patients with PVR. The 
strong correlation between ELISA detectable cytokines (protein products) and their 
respective mRNA levels suggest that intravitreal, invasive cells are the major source of 
these cytokines, with the exception oflL-12. Cells invading the vitreous do not appear to 
locally produce IL-12 mRNA. This would appear to implicate cells peripheral to the 




vitreal mass as the major source of this cytokine. 
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Modulation of the giutamatergic receptors (AMPA and NMD A) and of glutamate 
vesicular transporter 2 in the rat facial nucleus after axotomy. 

Eleore L T Vassias I , Vidal PP T de Wacle C . 

LNRS (CNRS-Paris V), ESA 7060, Centre Universitaire des Saints-Peres, 45 rue des Saints- 
Peres, 75270 Paris Cedex 06, France. 

Facial nerve axotomy is a good model for studying neuronal plasticity and regeneration in the 
peripheral nervous system. We investigated in the rat the effect of axotomy on the different 
subunits of excitatory giutamatergic AMPA (GLuRl-4), NMDA (NRl, NR2A-D) receptors, post- 
synaptic density 95, vesicular glutamate transporter 2, beta catenin and cadherin. mRNA levels 
and/or protein production were analyzed i, 3, 8, 30 and 60 days after facial nerve axotomy by in 
situ hybridization and immunohistofluorescence. mRNAs coding for the GLuR2-4, NRl , NR2A, 
B, D subunits of giutamatergic receptors and for post-synaptic density 95, were less abundant after 
axotomy. The decrease began as early as 1 or 3 days after axotomy; the mRNAs levels were 
lowest 8 days post-lesion, and returned to normal or near normal 60 days after the lesion. The 
NR2C subunit mRNAs were not detected in either lesioned or intact facial nuclei. 
Immunohistochemistiy using specific antibodies against GLuR2-3 subunits and against NRl 
confirmed this down-regulation. There was also a large decrease in vesicular glutamate transporter 
2 immunostaining in the axotomized facial nuclei at early stages following facial nerve section. In 
contrast, no decrease of NR2 A subunit and of post-synaptic density 95 could be detected at any 
time following the lesion, beta Catenin and cadherin immunoreactivity pattern changed around the 
cell body of facial motoneuron by day 3 after axotomy, and then, tends to recover at day post- 
lesion 60 days. Therefore, our results suggest a high correlation between restoration of 
nerve/muscle synaptic contact, synaptic structure and function in facial nuclei. To investigate the 
mechanisms involved in the change of expression of these proteins following axotomy the facial 
nerve was perfused with tetrodotoxin for 8 days. The blockade of action potential significantly 
decreased GLuR2-3, NRland NR2A mRNAs in the ipsilateral facial nuclei; Thus, axotomy- 
induced changes in mRNA abundance seemed to depend partly on disruption of activity. 
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Altered levels of scavenging enzymes in embryos subjected to a diabetic 
environment. 

Forsberft rr , BorgLA, Cagjicro E. Eriksson Tf.T 

Department of Medical Cell Biology, University of Uppsala, Sweden. 

Maternal diabetes during pregnancy is associated with an increased rate of congenital 
maJformafons ,n the offspring. The exact molecular etiology of the disturbed 
embryogenesis ,s unknown, but an involvement of radical oxygen species in the 

Zttnth^^T SUggCSted - ° Xidative dama S e P™»"PP<«» an imbalance 

SX^t^f of the free oxygen radica!,a„d the antioxidant defence mechanisms 

Z vrl a luZ 7 ™f f PrCSent StUdy W3S 10 invesfigrte if maternal diabetes 
m vivo, or h.gh glucose in vitro alters the expression of the free oxygen radical 

scavengtng enzymes superoxide dismutase (CuZnSOD and MnSOD), catalase and 

normS 5Ti , " ** ^ M& °« e "« We studied offspring of 

normal and d.abet.c rats on gestational days 1 1 and 12, and also evaluated day-1 1 

mlm 0 al £L* T Xf'T l ° 50 mM # UC0S& concentration. Both 

oT.r a M r Ml g ' UCOSe ° UltUre C3USed & 0wtix Nation and increased rate 
of congemtal malformations in the embryos. The CuZnSOD and MnSOD enzymes were 
expressed on gestational day 1 1 and both CuZnSOD, MnSOD and catalase weC 
expressed on day 1 2 with increased concentrations of MnSOD transcripts when 
challenged by a diabetic milieu. There was a good correlation between mRNA protein 
and actm y levels, suggesting that the regulation of these enzymes occurs primarily at 'the 
prerranslahonal level. Maternal diabetes in vivo and high glucose concentration^ vifro 
induced increased MnSOD expression, concomitant with increased total SOD acuity 
and a tentative decrease in catalase expression and activity in the embryos These 

^enZ^hT ! n0ti °" ° f enha " Ced ° Xidative StreSS in ^ embryo as an etiologic 
agent in diabetic teratogenesis. 
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Induction of the estrogen receptor by growth hormone and glucocorticoid 
substitution in primary cultures of rat hepatocytes. 

Freyschuss B. Stavrcus-Evcrs A . Sahlin L , Eriksson H . 

Department of Reproductive Endocrinology, Karolinska Hospital, Stockholm, Sweden. 

Hepatic estrogen receptors (ER) mediate estrogenic effects on mammalian liver 
metabolism and are thereby involved in the regulation of important 
physiological/pathological processes, such as coagulation, atherosclerosis, and 
hypertension. The regulation of the formation of the ER in primary cultures of rat 
hepatocytes was studied by assaying ER and ER mRNA under different endocrine 
conditions. The ER concentration was measured using two different methods, a ligand- 
binding technique and an ER enzyme immunoassay The results obtained by the two 
methods showed good correlation, and linear regression analysis gave a correlation 
coefficient of 0.95. ER concentrations fell to low steady state levels within 16 h after 
establishing the cell culture and remained low in the absence of hormonal substitution. 
Upon medium supplementation with pituitary GH and the glucocorticoid dexamethasone 
(DEX) in combination, the ER concentration increased 6-fold from 4.2 +/- 1.0 to 25.8 +/- 
7.0 fmol/mg cytosolic protein. ER mRNA was measured by solution hybridization. 
Substitution with GH and DEX in combination increased ER mRNA to 210 +/- 14% of 
control levels. No effect on ER mRNA stability was seen after hormone treatment. It is 
concluded that the regulatory effects of GH and DEX on the hepatic ER in this in vitro 
system are very similar to the effects of these hormones under in vivo conditions. The 
inducible expression of the ER has never before, to our knowledge, been demonstrated in 
any mammalian liver cell culture system. 
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Cyclin Dl-ncgative mantle cell lymphoma: a clinicopathologic study based on 
gene expression profiling. 
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Department of Patliology and Microbiology, University of Nebraska Medical Center 983135 
Nebraska Medical Center, Omaha, NE 68198-3135, USA. kfu@unmc.edu 

Cyclin Dl overexpression is believed to be essential in the pathogenesis of mantle cell lymphoma 

u - 6 ex,stence of c y c,in D 1 -negative MCL has been controversial and difficult to 

substantiate. Our prevails gene expression profiling study identified several cases that lacked 
cyclin Dl expression, but had a gene expression signature typical of MCL. Herein we report the 
clinical, pathologic, and genetic features of 6 cases of cyclin Dl-negative MCL All 6 cases 
exhibited the characteristic morphologic features and the unique gene expression signature of 
MCL but lacked the t(l l;14)(ql3; q32) by fluorescence in situ hybridization (FISH) analysis The 
tumor cells also failed to express cyclin Dl protein, but instead expressed either cyclin D2 (2 
cases) or cyclin D3 (4 cases). There was good correlation between cyclin D protein expression and 
the corresponding mRNA expression levels by gene expression analysis. Using interphase FISH 
we did not detect chromosomal translocations or amplifications involving CCND2 and CCND3 ' 
loci in these cases. Patients with cyclin Dl-negative MCL were similar clinically to those with 
cyclin Dl -positive MCL. In conclusion, cases of cyclin D I -negative MCL do exist and are part of 
the spectrum of MCL. Up-regulation of cyclin D2 or D3 may substitute for cyclin Dl in the 
pathogenesis of MCL. 
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Oxytocin receptors in bovine cervix: distribution and gene expression 
during the estrous cycle. 

Fuchs AR, Ivell Fields PA. Chang SIM Fields MX 

Department of Obstetrics and Gynecology, Cornell University Medical College New 
York, New York 10021, USA. . 

Oxytocin (OT) receptor (OTR) concentrations were determined in the cervix of 
nonpregnant cows on cycle Days 0, 3, 7-8, 17, and 19 (n = 3-4 cows each day)- [3H]OT 
was used as the labeled ligand. Mucosal and muscle layers of the cervix were also 
analyzed separately for both ligand binding and expression of the OTR gene using a 
newly developed RNase protection assay (RAP). Cellular localization of OTR protein 
was determined by imrnunohistochemistry. All regions of cervix from cows at estrus had 
high concentrations of OTR; in the luteal phase, all were sharply down-regulated At 
estrus the mucosal layer had about 30-fold higher concentrations than the muscle layer 
OTR mRNA was readily detected by RAP in the mucosa from estrous cows, while much 
weaker signals were found in the muscle. On Days 7- 1 7, the OTR mRNA signals in both 
mucosa and muscle were very faint or nondelegable. Thus, there was a good correlation 
between ligand binding and mRNA expression, which suggests that OTR concentrations 
are ma.nly regulated at the transcriptional level. The epithelial cells at the luminal surface 
of the mucosa were the principal site of immunoreactive OTR; muscle cells showed 
significantly weaker signals. Previously, OT was found to stimulate prostaglandin (PC) 
E2 output in vitro in bovine cervical tissues. Since PGE2 is capable of softening the 
cervix, our findings suggest that OT may have a novel physiological function to cause 
softening of the bovine cervix mediated by the release of PGE2. 

PMID: 8835394 [PubMed - indexed for MEDLINE] 



26: TI a WAv a / ReS •,f 05Fel>;15(1):,5 - 20 • Re.ated Articles. Unks 

V Off*iqorrwiuiAMs<.»vi*:M 

Silencing of the thrombomodulin geue it, human malignant melanoma. 
fjmitaj[, Kancd^, 

Carcinogenesis Division, National Cancer Center Research Institute, Tokyo, Japan. 

Theloss of thrombomodulin (TM) expression is associated with tumour growth 
infiltaUon and lymph node metastasis in human tumours. In melanoma cell lines TM is 
reported to mediate cell adhesion, and its introduction into TM-negative melanoma cell 
lines suppresses the.r growth. In this study, we analysed TM expression in surgica 
melanoma specimens and the role of its promoter methylation in the loss of its 
expression. In 15 (75%) of the 20 specimens (five from a primary site and 1 5 from 
metastatic sites), melanoma cells lacked TM immunoreactivity. Methylation of the TM 
promoter region was detected in 10(67%) of the 1 5 TM-negative specimens by 

my^T^T^ Chain reaCti0n ' WherCaS met,i y ,ati °n was detected in two 
2^1 r r , TM - p0S 'i ,ve s Pec"nens. In cell lines, complete methylation of the TM 

m X. 9 , P ' r W3 f deteCted in SiX (46%) of 1 3 melanoma ce " "nes. whereas no 
methylation was detected ,n two cultured normal melanocytes. There was a good 

correlanon between the methylated status of the CpG island and the loss of TM 
messenger RNA (mRNA) expression. Treatment of melanoma cell lines with a 
SrS H m ^T nt ' 5 - aza - 2 '- d ^y^inc, induced demethylation of the promoter 
Sf'Sf and the I . est0rah0n of mIWA a «<* Protein expression. These findings suggest 
that most human melanomas lack TM expression, and that methylation of the promoter 
CpO island is one of the mechanisms responsible. 
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A sampling of the yeast protcome. 



FjitchcrB, Latter Gl, Monardo P . McLaughlin CS Car.yj^ 

Cold Spring Harbor Laboratory, Cold Spring Harbor, New York 11 724 US A 
futcher@cshl.org ' ' 

In this study, we examined yeast proteins by two-dimensional (2D) gel electrophoresis 
and gathered quanUcative information from about 1,400 spots. We found that there is an 
enormous range of protein abundance and, for identified spots, a good correlation 
between protein abundance, mRNA abundance, and codon bias. For each molecule of 
well-translated mRNA, there were about 4,000 molecules of protein. The relative 
abundance of proteins was measured in glucose and ethanol media. Protein turnover was 
examined and found to be insignificant for abundant proteins. Some phosphoproteins 
were .dent.fied. The behavior of proteins in differential centrifugation experiments was 
examined. Such experiments with 2D gels can give a global view of the yeast proteome. 
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In this study, we examined yeast proteins by two-dimensional (2D) gel electrophoresis and gathered quan- 
hlahve information from about 1,400 spots. We round that there is an enormous range of protein abundance 
and, for identified spots, a good correlation between protein abundance, mRNA abundance, and codon bias 
For each molecule of MelMranslated mRNA, there were about 4,000 molecules of protein. The relative 
abundance of proteins was measured in glucose and etbanol media. Prolein turnover was examined and found 
to be insignificant for abundant proteins. Some phosphoproteins were identified. The behavior of proteins in 
differential centrifugaiion experiments was examined. Such experiments with 20 gels can give a global view or 
the yeast proteome. 



The sequence of the yeast genome has been determined (9). 
More recently, the number of mRNA molecules for each ex- 
pressed gene has been measu red (27, 30). The next logical level 
of analysis is that of the expressed set of proteins. We have 
begun to analyze the yeast proteome bv using two-dimensional 
(2D) gels. ' 

2D gel electrophoresis separates proteins according 16 iso- 
electric point in one dimension and molecular weight in the 
other dimension (21), allowing resolution of thousands of pro- 
teins on a single gej. Although modern imaging and computing 
techniques can extract quantitative data for each of the spots in 
a 2D gel, there are only a few cases in which quantitative data 
have been gathered from 2D gels. 2D gel electrophoresis is 
almost unique in its ability to examine biological responses 
over thousands of proteins simultaneously and should there- 
fore allow us a relatively comprehensive view of cellular me- 
tabolism. 

We and others have worked toward assembling a yeast pro- 
tein database consisting of a collection of identified spots in 2D 
gels and of data on each of these spots under various condi- 
tions (2, 7, 8, 30, 23, 25). These data could then be used in 
analyzing a protein or a metabolic process. Saccharomyces 
cerevisiae is a good organism for this approach since it has a 
well-understood physiology as well as a large number of mu- 
tants, and its genome has been sequenced. Given the sequence 
and the relative lack of in irons in S. cerevisiae, it is easy to 
predict the sequence of the primary protein product of most 
genes. This aids tremendously in identifying these proteins on 
2D gels. 

There are. three pillars on which such a database rests: (i) 
visualization of many protein spots simultaneously, (ii) quan- 
tification of the protein in each spot, and (iii) identification of 
the gene product for each spot. Our first efforts at visualization 
and identification for S. cerevisiae have been described else- 
where (7, 8). Here we describe quantitative data for these 
proteins under a variety of experimental conditions. 

MATERIALS AND METHODS 
Strains :mJ mrrfia. 5. rrr evi.ua f W3U3 \MAT* a<ie2- ! his3 JJ.I5 lcu? l }J2 
trpj-l uraj-i aml-WO) was .rscd (26). -Mcl YNB (yeast nitrogen base) medium 
was 1.7 g of YND (Difco) per liici. 5 t of ammonium sulfate per liiei, and 
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adenine, uracil, and all amino acids except methionine; -Met -Cys YNB me- 
dium was die same but without methionine or cysteine. Medium was supple- 
mented with 27c glucose (for most experiments) or with 2% ethanot (for ethanol 
experiments). Low- phosphate YEPD was described by Warner (28). 

Isolopic labeling of jeasl and preparation of cell exlracls. Yeasl strains were 
labeled and proteins were extracted as described by Garrets el al. (7, 8). Briefly, 
cells were grown to 5 X.JO 6 ceils per ml. at 30"C; 1 ml of culture wasiransferreJ 
to a fresh lube, and 0J roCi of ( ?J S]meihionmc (e.g., Express protein labeling 
mix; New England Nuclear) was added to this I-ml culture. The cells were 
incubated for a further 10 lo J 5 min and then transferred to a L5-mf microcen- 
trifuge tube, chilled on ice, and harvested by centrifugaiion. The supernatant was 
removed, and the cell pellei was resuspended in 100 pj of rysis buffer (20 mM 
Tris-HCI |pH 7.6J, 10 mM NaF, 10 mM sodium pyrophosphate, 0.5 mM EJDTA, 
0.1% deorrycho late: just before use, phenylmethylsulfonyl fluoride was added to 
J mM, leupeptin was added to J ng/ml, pepsialin was added to 1 ng/ml. losyl- 
sulionyl phcnylatanvl chlommethyl ketone was added to 10 Mg/ml, and soybean 
Trypsin inhibjior was added to 10 u.g/ml). 

The resuspended cells were transferred to a screw-cap J .5- ml polypropylene 
rube containing 0.23 g of glass beads (OJ-mm diameter; Biospec Products) or 
0.40 g of zirconia beads (0i-mm diameter; Biospec Products). After the cap was 
secured, the lube was inserted into a MiniBcadbealei 8 (Biospec Products) and 
shaft en a I medium high speed a I 4"C for I min. Breakage was typically 75%. 
Tubes were then spun in a microcentrifuge for JO s at 5,000 X g at 4°C. 

With a very fine pipette lip, liquid was withdrawn from the beads and trans- 
ferred to a ptechilled JJ>-ml lube containing 7 ul of DNase J (03 mg/ml; Cooper 
product no. 6330}-RNase A (0.25 mg/ml; Cooper product no. 5679)-Mg (50 mM 
MgCL) mix. Typically 70 ixl of liquid was recovered. The mixture was incubated 
on ice for )0 mm to allow the RNase and DNase to work. 

Neat, 75 ,.) of 2X dSDS (2x 6SOS is 0.6% sodium dodecyl sulfate [SDS], 2% 
mercapioethanol, and 0.1 M Tris-HCI |pH 8J) was added. The lube was plunged 
into boiling wateT, incubated for 1 min, and then plunged into ice. After cooling, 
the lube was cenlrifuged al 4°C for 3 min at |4 f 000 X g. The supernatant was 
nansfened to a fresh tube and frozen al -70*C. About 5 ul of this supernatant 
was used for each 2D gel. 

2I> polracrvh.mide gtls. 2D gels were made and run as described elsewhere 
(6-8). 

Image analysis or the grls. The Ouesi I) software system was used foT quan- 
titative image analysis (20, 22). Two techniques were used to collect quantitative 
Jar a lor analysis by Ouesl J I software. First, before the advent of phospborim- 
agers, gels were dried and fluorographed. Each gel was exposed to film for three 
dilferent times (typically 1 day, 2 weeks, and 6 weeks) to increase rhe dvnomic 
range of the data. The films were scanned along wiih calibration snips to relate 
film opriral density to disintegrations per mintiic in the "eels and analyzed by the 
software to obtain a linear relationship between dis in leg r a lions per rninuie in the 
spots and optical densities of the film images. The quantitative data are ex- 
pressed as pails per million of the tola) cellular piotein. This value is calculated 
horn the disintegrations per minute of the sample loaded nmo the gel and by 
comparing ihe film density of each data spot wiih density ol ibe film nwi ihe 
calibration snips of known radioactivity exposed to the same film. This yields ihe 
tlrsmiegi aliens per minute per millimeter foi each spot on the gel and thence its 
parts- per- minute, value. 

Aire i rhe advent ol phosphor imaging, gels bearing "S- labeled proteins were 
exposed to phosphorimagcr screens and scanned by a Fuji phosphor imager, 
rypriaily foi two rj-ptwmes per gel. Calibration strips of known radioactivity were* 
exposed simultaneously. Scan data horn rhe phosphor imager was assimilated by 
Ouesl II software, and quantitative data writ recorded loi the spots on the gL-ls. 
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Measurements or protein turnover. Cells in exponential phase were pulse- 
labeled with [ j5 S}meihionine, excess cold Met and Cys were added, and samples 
of equal volume were taken from the culture a) intervals up to 90 min (in one 
experiment) or up to ) 60 min (in a second experiment). Incorporation of 35 S into 
protein was essentially 100% by the first sample (JO min). Extracts were made, 
and" equal fractions of the samples were loaded on 2D gels (i.e., the different 
samples had different nroounts of protein but equal amounts of 35 S). Spots were 
qua nt hated with a phosphor imaging and Quest software. 

The software was queried for spots whose radioactivity decreased through the 
time course. The algorithm examined all data points for all spots, drew a best-fit 
line through the data points, and looked for spots where this line had a statis- 
tically significant negative slope. In one of the experiments, there was one such 
spot. To the eye, this was a minor, unidentified spot seen onrv in the first two 
samples (JO and 20 min). In the other experiment, the Quest software found no 
spots meeting the criteria. Therefore, we concluded thai none of the identified 
spots (and all but one of the visible spots) represented proteins with Ion" 
half-lives. ° 
Centrifugal fractionation. Cells were labeled, harvested, and broken with glass 
beads by the standard method described above except that no detergent (i.e., no 
deo.xycholale) was present in the lysis buffer. The crude lysate was cleared of 
. unbroken cells and large debris by centrifugal ion at 300 X g for 30 s. The 
supernatant of this centrifugalion was then spun at 16,000 X £ for 10 min to give 
the pellet used for Fig. 6B. The supernatant of the 16.000 X y, JO-min spin was 
then spun at 100,000 X g for 30 min to give the supernatant used for Fir. 6A. 

Protein abundance calculations. A haploidyeasl cell contains ;ibout 4 XJ0 - ' 2 
g of protein (J, 15). Assuming a mean protein mass of 50 kDa, there are about 
50 X 10* molecules of protein per cell. There are about 1.8 methionines per 10 
kDa of protein mass, which implies 4.5 X 10° molecules of methionine per cell 
(neglecting the small pool of lice Mel). We measured (i) the counts per minute 
m each spot on the 2D eels, (ii) the lotal number of counts on each gel (by 
integrating counts over ibe enrire gel), and (iii) the total number of counts 
loaded on the gel (by scintillation counting of the original sample). Thus, we 
know what fraction of the lotal incorporated radioactivity is present m each spot. 
After correcting for the methionine (and cysteine [sec below)) content of each 
protein, we calculated an absolute number of protein molecules based on the ' 
fraction of radioactivity in each spot and on 50 X JO 6 tola) molecules per cell. 

The labeling mixture used contained about one-fifth as much radioactive 
cysteine as radioactive methionine. Therefore, the number of cysteine molecules 
per protein was also taken into account in calculating Ibe number of molecules 
of protein, but Cys molecules were weighted one-fifth as heavilv as Met mole- 
cules. 

roRNA abundance calculations. For estimation of mRNA abundance, we used 
SAGO (serial analysis of gene expression) dara (27) and Affymcirix chip hybrid- 
ization data (29a.. 30). The mRNA column in Table I shows mRNA abundance 
calculated from SAGE data alone. However, the SAGE daia came from cells 
growing m YEPD medium, whereas our protein measurements were from cells 
growing .n YNB medium. In addiiion, SAGE data for low- abundance mRWAs 
suffers from starishcnl variation. Therefore, we also used chip hybridization data 
(29a, ,>0) for mRNA from cells grown in YNB. These hybridization data also had 
d.sadv;,niages. First, the amounts of high-abundance mRNAs were systemati- 
cally undcreslimated, probably because of saturation in Ihe hybridiza lions, which 
used JO ug of cRNA. For example, the abundance oiAOHJ mRNA was 197 
copies per cell by SAGE but only 32 copies per cell by hvbridization and the 
abundance of EN02 mRNA was 248 copies per cell by SAGE but only 4j by 
hybridization. When the amount of cRNA used in the hybridization was reduced • 
to I pg, ihe apparent amounts of mRNA were similar lo the amounts determined 
by SAGE (29a, 29b). However, experiments using I U g of cRNA have been done 
for only some genes (29a). Because amounts of mRNA were normalized lo 
15.000 per cell, and because the amounts of abundant mRNAs were underesti- 
mated, there is a 7.2- fold overestimate of. the abundance of nonabundanl 
mRNAs. We calculated ihis f:.cro, of 72 by adding logeiher the number of 
mRNA molecules from a large number of genes expressed at a low level lor both 
SAGE d;iia and bybiidizalion data. The sum for ihe same genes from hybrid- 
nation data is 2.2-lold grcacei (ban ihar from SAGE data. 

To take into account ihese difficulties, we compiled a list of "adjusted" mRNA 
abundance as lollop. For all high- abundance mRNAs of our identified proteins 
we used SAGE data. For all of these particular mRNAs, chip hybridization 
suggested that mRNA abundance was ihe same in YEPD and YNB media For 
medium-abundance mRNAs, SAGE data we,e used, but when hybridization 
data showed a significant di/leiencc bctwrcn YEPD and YNB ihen the SAGE 
daia i wr, c adjusted by the appropriate factor. Finally, for' low- abundance 
mRNAs, we used data horn chip hybridizations from YNB medium but divided 
by 2.2 lo normalize to the SAGE results. These calculators wee compiled 
wuhoui reference lo piotein abundance. 

CAJ. The codon adaptation index (CAl) was taken fiom the yeast protcome 
database ( YPD) ()3) : (or which Calculations were made according to Sharp and 
Li (.4). IWfly, the index uses a lefeience set ol hinl.lv expressed «enes to av^n 
a value to each codon. and then a s 0 >re tor a »ene is calculated born the 
ficuuenry of use of the vyjious codon* in (hut j;cnc (?-J). 

Statistical analysis. The .'MP program was used *iih the aid nl T Tullv The 
my program ? howrd ihal not he. ntUNA nor protein abundant" e* *eu- nor- 
mally dtsiiibuted: then-tore, Spearman i:,nk couelaiinn i-.H-HieiYnK (/ ) w tPl - 



calculated. The mRNA (adjusted and unadjusted) and protein, data were also 
transformed so thai Pearson product-moment correlation coefficients (r ) could 
be calculated. First, this was done by a Box-Cox transformation of log-trans- 
formed data. This transformation produced normal distributions, and an r of 
0.76 was achieved. However, because the Box-Cox transformation is complexrwe 
also did a simpler logarithmic transformation. This produced a normal distribu- 
tion for the protein data. However, Ihe distribution for the mRNA and adjusted 
mRNA data was close to, but not quite, normal. Nevertheless, we calculated the 
r p and found that it was 0.76, identical to the coefficient from the Box-Cox 
transformed data. We therefore believe that this correlation coefficicnl is not 
misleading, despite the fact that the log(mRNA) distribution is not quite normal 



RESULTS 

Visualization of 1,400 spots on three gel systems. Yeast 
proteins have isoelectric points ranging from 3.1 to 12.8, and 
masses ranging from Jess than JO kDa to 470 kDa. It is difficult 
to examine al] proteins on a single kind of gel, because a gel 
with the needed range in pj and mass would give poor resolu- 
tion of the thousands of spots in the central region of the gel. 
Therefore, we have used three gel systems: (i) pH "4 to 8 M with 
10% polyacrylamide; (ii) pH "3 to 10" with 10% poryacryl- 
amide; and (iii) nonequilibrium with 15% polyacrylamide (7, 
8). Each gel system allows good resolution of a subset of yeast 
proteins. 

Figure 1 shows a pH 4-8, 10% polyacrylamide gel. the pH 
at the basic end of the isoelectric focusing gel cannot be main 
tained throughout focusing, and so the proteins resolved on 
such gels have isoelectric points between pH 4 and pH 6.7. For 
these pH 4-8 gels, we see 600 to 900 spots on the best gels after 
multiple exposures. 

The pH 3-10 gels (not shown) extend the pj range somewhat 
beyond pH 7.5, allowing detection of several hundred addi- 
tional spots. Finally, we use nonequilibrium gels with 15% 
acrylamide in the second dimension. These allow visualization 
of about 100 very basic proteins and about 170 small proteins 
(less than 20 kDa). In total, using all three gel systems, about 
1,400 spots can be seen. These represent about 1,200 different 
proteins, which is about one- quarter to one-third of the pro* 
teins expressed under these conditions (27, 30). Here, we focus 
on the proteins seen on the phi 4-8 gels. 

Although nearly all expressed proteins are present on these 
gels, the number seen is limited by a problem we call coverage. 
Since there are thousands of proteins on each gel, many pro- 
teins comigrate or nearly comigrate. When two proteins are 
resolved, but are close together, and one protein spot is much 
more intense than the other, a problem arises in visualizing the 
weaker spot: at long exposures when the weak signal is strong 
enough for detection, the signal from Ibe strong spot spreads 
and covers the signal from the weaker spot. Thus, weak spots 
can be seen only when ihey are web* separated from strong 
spots. 

For a given gel, Ihe number of delectable spots initially rises 
with exposure lime. However, beyond an optimal exposure, the 
number of distinguishable spots begins lo decrease, because 
signals from strong spots cover signals fiom nearby weak spots. 
At Jong exposures, the whole auloradiogram turns black. Thus, 
there is an optimum exposure yielding the maximum number 
of spots, and al Ihis exposure the weakest spots are not seen. 

Largely because of the problem of coverage, Ihe proteins 
seen are strongly biased toward abundant proteins. All identi- 
fied proteins have a CAl of 0.18 or more, and we have iden- 
tified no -transcription factors or protein kinases, which arc 
nonabundanl prole ins. Thus, this technology is useful for ex- 
amining protein synthesis, amino acid metabolism, and glyco- 
lysis but not for examining transcription, DNA replication, or 
the ceil cvcle. 
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Spot identification. The identification of various spots has 
been described elsewhere (7, 8), At present, 169 different spots 
representing 148 proteins have been identified. Many of these 
spots have been independently identified (2, 30, 23, 25). The 
main methods used in spot identification have been analysis of 
amino, acid composition, gene ove repression, peptide se- 
quencing, and mass spectrometry. 

Pulse-chase experiments and protein turnover. Pulse-chase 
experiments were done to measure protein half-lives (Materi- 
als and Methods). Cells were labeled with [ 35 S]me thionine for 
10 min. and then an excess of unlabeled methionine was added 
Samples were taken at 0, 10, 20, 30, 60 : and 90 min after the 
beginning of the chase. Equal amounts of 35 S were loaded from 
each sample; 2D gels were run, and spots were quantitated. 
Surprisingly, almost every spot was nearly constant in amount 
of radioactivity over the entire time course (not shown). A few 
spots shifted from one position to another because of post- 
translational modifications (e.g., phosphorylation of RpaO and 
Efbl). Thus, the proteins being visualized are all or nearly all 
very stable proteins, with half-Jives of more than 90 min. Gygi 
et a J. (10) have come to a similar conclusion by using the N-end 
rule to predict protein half- Jives. This result does not imply 
that all yeas! proteins are stable. The proteins being visualized 
are abundant proteins; this is partly because they are stable 
proteins. 

Protein quantitation. Because all of the proteins seen had 
effectively the same half-life, the abundance of each protein 
was directly proportional to the amount of radioactivity incor- 
porated during labeling. Thus, after taking into account the 
total number of protein molecules per cell, the average content 
of methionine and cysteine, and the methionine and cysteine 
content of each identified protein, we could calculate the abun- 
dance of each identified protein (Tables 1 and 2; Materials and 
Methods). About 1,000 unidentified proleins were also quan- 
tified, assuming an average content of Met and Cys 

Many proteins £ i ve multiple spots (7, 8). The contribution 
from each spot was summed to give the totaj protein amount 
However, many proteins probably have minor spots that wc are 
not aware of, causing the amount of protein to be underesti- 
mated. 

When the proteins on a pH 4-8 gel were ordered by abun- 
dance, the most abundant protein had S,904 ppm the 10th 
most abundant had 2,842 ppm, the 100th most abundant had 
314 ppm, the 500th most abundant had 57 ppm, and the 
1,000th most abundant (visualized at greater tha;/ optimum 
exposure) had 23 ppm. Thus, there is more than a 300-foJd 
range m abundance among the visualized proteins. The most 
abundant 10 proteins account for about 25% of the total pro- 
tein on the pH 4-8 gel., the most abundant 60 proteins account 
for 50%, and the most abundant 500 proteins account for 80% 
Since it seems likely that the pH 4-8 gels give a representative 
sampling of all proteins; we estimate that half of the total 
cellular protein is accounted lor by fewer than 100 different' 
gene products, principally glycolytic enzymes and proteins in- 
volved in protein synthesis.. 

Correlation of protein abundance with mRNA abundance 
Estimates of mRNA abundance for each gene have been made 
by SAGE (27) and by hybridization of cRNA to oligonucleo- 
tide arrays (30). These two methods i>ive broadly similar re- 
sults, yet each method has strengths and weaknesses (Materials 
and Methods). Table J lists the number of molecules of mRNA 
per cell for each -ene studied. One measurement (mRNA) 
uses data from SAGE analysis alone (27); n second incorpo- 
rates data from both SAGE and hybridization (30) (adjusted 
mRNA) (Table J: Materials and Methods). We correlated 
protein abundance with mRNA abundance (Fig. 2). 'For ad- 



justed mRNA versus protein, the Spearman rank correlation 
coefficient, r sy was 0.74 (P < 0.0001), and the Pearson corre- 
lation coefficient, r p , on log transformed data (Materials and 
Methods) was 0.76 (P < 0.00001). We obtained similar corre- 
lations for mRNA versus protein and also for other data trans- 
formations (Materials and Methods). Thus, several statistical 
methods show a strong and significant correlation between 
mRNA abundance and protein abundance. Of course, the cor- 
relation is far from perfect; for mRNAs of a given abundance, 
there is at least a 10-fold range of protein abundance (Fig. 2)[ 
Some of this scatter is probably due to posttranscriptfonal 
regulation, and some is due to errors in the mRNA or protein 
data. For example, the protein Yef3 runs poorly on our gels, 
giving multiple smeared spots. Jls abundance has probably 
been underestimated, partly explaining the low protein/mRNA 
ratio of Yei3. It is the most extreme outlier in Fig. 2. 

These data on mRNA (27, 30) and protein abundance (Ta- 
ble 1) suggest that for each mRNA molecule, there are on 
average 4,000 molecules of the cognate protein. For instance, 
for Actl (actin) there are about 54 molecules of mRNA per 
cell and about 205,000 molecules of protein. Assuming an 
mRNA half-life of 30 min (12) and a cell doubling time of 120 
min, this suggests that an individual molecule of mRNA might 
be translated roughly 1,000 times. These calculations are lim- 
ited to mRNAs for abundant proteins, which are likely to be 
the mRNAs that are translated best. 

A full complement of cell protein is synthesized in about 120 
min under these conditions. Thus, 4,000 molecules of protein 
per molecule of mRNA implies that translation initiates on an 
mRNA about once every 2 si This is a remarkably. high rate; it 
implies that if an average mRNA bears 10 ribosorhes engaged 
in translation, then each ribosome compJetes translation in 
20 s; if an average protein has 450 residues; this in turn implies 
translation of over 20 amino acids per s, a rate considerably 
higher than estimated for mammalians (3 to 8 amino acids per 
s) (18). These estimates depend on the amount of mRNA per 
cell (11,27). y 

The large number of protein molecules that can be made 
from a single mRNA raises the issue of how abundance is 
controlled for less abundant proleins. Many nonabundant pro- 
leins may be unstable, and this would reduce the protein/ 
mRNA ratio. In addition, many nonabundant proteins may be 
translated at suboptimal rates. We have found that mRNAs for 
nonabundant proteins usually have suboptimal contexts for 
transJalk>n3l initiation. For example, there arc over 600 yeast 
genes which probably have short open reading frames in the 
mRNA upstream of the main open reading frame (17a). These 
may be devices for reducing the amount of protein made from 
a molecule of mRNA. 

Correlation of codon bias with protein abundauce. The 
mRNAs for highly expressed proteins prefeientiaJIy use some 
codons rather than others specifying the same amino acid (14). 
This preference is called codon bias. The codons preferred are 
those for which the tRNAs are present in the greatest amounts. 
Use of these codons may make translation faster or more 
efficient and may decrease misincorporation. These effects are 
most important for the cell for abundant proteins, and so 
codon bias is most extreme for abundant proteins. The effect 
can be dramatic— highly biased mRNAs may use only 25 of the 
61 codons. 

We asked whether the correlation of codon bias wiih abun- 
dance continues for medium- abundance proleins. There are 
various mathematical expressions quaniifyine codon bias; here 
we have used the CA1 (24) (Mate-iah and Methods) because 
H gives a result between 0 and 1. The ^ for CAI versus protein 
abundance is 0.S0 (P < 0.00UJ). similar to the ii.RNA-prorein 



TABLE I. Quantitative data" 
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Name 



CAI 



Carbohydrate metabolism 



mRNA Adjusted mRNA Protein (Glu) (10 3 ) Protein (Eth) (10*) fc'G ratio 



Protein synthesis 



Heat shock 



Amino acid synthesis 



Miscellaneous 



Adhl. 

Adh2 

Cit2 

Eriol 

Eno2 

Fbal 

Hxkl,2 
Jell 

Pdbl 
Pdcl 
. Pfkl 
Pgil 
Pyc) 
Tall 
Tdh2 
Tdh3 
Tpil 

Efbl 

Eftl,2 

Pit) 

RpaO 

Tifl ,2 

YeB 

Hsc82 

Hsp60 

Hsp82 

Hspl04 

Kar2 

Ssa) 

Ssa2 

Ssbl,2 

Sscl 

SseJ 

Sti) 

Adel 

Ade3 

Ade5,7 

Ajg4 

Gdbl 

Glnl 

His4 

Hv5 

Lys9 

Met6 

Pro2 

Serl 

Trp5 



0.8)0 

0.504 

0.185 

0.870 

0.892 

0.868 

0.500 

0.251 

0.342 

0.903 

0.465 

0.68J 

0.260 

0.579 

0.904 

0.924 

0.817 

0.762 
0.80) 
0303 
0.793 
0.752 
0.777 

0.581 

0.38) 

0.5)7 

0.304 

0.439 

0.709 

0.802, 

0.850 

0.52) 

0.52) 

0.247 

0.229 

0.276 

0.257 

0.229 

0.585 

0.524 

0.267 

0.801 

0.332 

0.657 

0.248 

0.258 

0.3)9 
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5 

226 
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16.5 
26 
0.7 
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36 

2.9 
23 
1.3 
7 

. 10.1 
43 
5 
50 
2.6 
8 

1.1 
4 

1.7 
1.4 
8.) 

27 
1) 
3 
6 
: 4 
22 
3 

1.2 
5 



54 
3 

4.) 
46 
1.4 
2.4 
0.86 
5 
5 
3 
4 

0.8 

0.45 

3 

15. 

6 

5 
15 
36 

2 
62 
2! 
4J 



1,230 
0 
23 
410 
650 
640 
62 
0 
41 
280 
75 
160 
37 
110 
430 
1,670 
No Mel 
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47 
181 
76 
191 
134 
32 
6 
92 

234 
1)5 
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19 
20 
41 

148 
44 
59 
63 

63! 
)4 

253 

930 

184 
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288 
974 
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46 
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33 
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12 
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0.33 
0.95 

>20 
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0.71 
0.75 



NR 
NR 
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0.36 
0.46 
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TABLE 2. Functions of proteins listed in Table 1 



Name" 



YPD title lines* 



Adhl 

Adh2 

Cit2 

JEnoJ 

Eno2 

Fbal 

Hxkl 

Hxk2 

Jell 

PdbJ 

PdcJ 

Pfkl 

Pcil 

Pycl 

Tall 

Tdh2 

Tdh3 

Tpil 

Efbl 
Efil 
Efi2 
PrtJ 

RpaO (RPPO) 

Tifl 

Tif2 

Yef3 

Hsc82 
Hsp6E) 
Hsp82 
HsplOJ 

Kar2 

Ssal 
Ssa2 
SsbJ 
Ssb2 
Sscl 

Sse1 
Slil 

Adel 

Ade3 

Ade5,7 

Aie4 

GdhJ 

Glnl 

His4 . 

Uv5 

I.ys9 
. Mct6 

Pro2 

SerJ 

Tjp5 

Ac I J 

AdkJ 

Ald6 . 

Aip2 

Bmh] 

Bmh2 

Cdc48 

Cdc60 

Er«20 

Cp^pJ (Khi2) 
Gspl 

Ippl 
LcbJ 

MoJJ (TliM) 
PabI 

Psal 

Rm4 

Sam) 

Sam2 

Sod I 

Uba) 

YKI.056 



Alcohol dehydrogenase I; cytoplasmic isozyme reducing acelaldehyde to etbanol, re°eneralin° NAD* 

Alcohol dehydrogenase II; oxidizes ethanol to ace (aldehyde, glucose repressed ** 

Citrate synthase, peroxisomal (nonmitocbondrial); converts acetyl-CoA and oxaloacelate to citrate plus CoA 

Fno S i « Effi^ E K Cera ! e ?ES ra ! aSe f COnVCrtS 2-phospho-D-giycerate to phosphoenoIpyruvaYe in glycolysis 
Enolase 2 t(2-phospbogry cerate dehydratase); converts 2-phospho-r>grycerate to phosphoenotSruvate in j&wfysis 
Fructose bisphosphate aldolase II; sixth step in glycolysis . FJ bijwijms 

Hexojpnase I; converts hexoses to hexose phosphates in glycolysis; repressed by glucose 

kSSS? COnVeT - S hCX ,° SeS '? hCXOSC P hos P^ tcs J n glycolysis and plays a rlgulatorv role in glucose repression 
Isootrate t\ase, peroxisomal; carries out part of the gfyoxylate cycle; required for gluconeoeenesis 
Pyruvate dehydrogenase complex, El beta subunil ' 5 • 

Pyruvate decarboxylase isozyme 1 

Phospho/nrctokinase alpha subunit, part of a complex with Pfk2p which carries out a key regulatory step in glycolysis 
Clucose-6-phosphate isomerase, converts gliicose- 6- phosphate id Tfruclose-6-phosphale firycorysrs 
Pyruvate carboxylase J: converts pyruvate to oxaloacetate for gluconeogenesis 
Tr ansa Idol ase; component of nonoxidative part of pentose phosphate pathway 

r & ra !H C K e "?' P t; 0Sp !! a!e ^M'^nase 2; converts D-glycer aldehyde 3-phosphale to J^dephosphocrycerate 
CIyceraldehyde-3-phosphate dehydrogenase 3; converts D-glycer aldehyde 3-phosphate to l^debhospnoSSS te 
Tnosephosphate isomerase; mlerconverls glyceraldehyde-3-phosphale and dihydroxyacetone phosphate £ ^ 

Translation elongation factor EF-ip; GDP/GTP exchange factor for Teflp/Tef2p 

Transition elongation factor EF-2; contains diphlhamide which is not essential for activity; identical to Eft2p 
V™ t ! ? ^^ a "on ^ctor EF-2; contains d.phihamide which is not essential for activity; identical to Efllp 
Translanon million factor eIF3 beta subunit (p90); has an RNA recognition domain P 
Aodic ribosomal protein AO 

Translation initiation factor 4A (eIF4A) of the DEAD box family 
Translation initiation factor 4 A {eIF4A) of the DEAD box family 
Translation elongation factor EF-3A; member of ATP-binding cassette super family 

Chaperonin homologous lo£. coli HtpG and mammalian HSP5H) 
Mitochondrial chaperonin that cooperates with HspJOp; horoolog of £ coli GroEL 
HeaMnducible chaperonin homologous to E coli HtpG and mammalian HSP90 
7o.(P^ P ^Tc^llt,i'°' i " dUCed ,h «™<° , "™« »" d '<>' -csohrbifaing agg.cga.es of dena.ured proteins; important So, |ps,-> 

■^^^f^ZS^tf^fffcZg "V™ 1 ' * >™«™<™ «~ 'he endoplasmic reticulum membrane 

Cytoplasmic chape rone; heat shock protein of the HSP70 family 
Cytoplasmic chape rone; member of the HSP70 family 

Heal shock protein of I1SP70 family involved m the translational apparatus 
1 leal shock protein of HSP70 family, cytoplasmic 

M dS!^"^; *2*^jftgz%:z* ™ p p,ays 3 c,,3pc ' onin ' o,e - recciving 3nj <* •>■<>•- 

Heal shock protein of ihc HSP70 family, mullicopy su PP ,ckot of mutants w«h hvperaclivated RasA^clic AMP oalhvvav 
S.,«s .nd»ccd pto.cn .cnuttcd fo. op.tmal gtowlb n. high and low tempe.a.frcj Sas .Ctt.rLpVpfS ■TcpZtl P * 

A^&„^^ ^.o-Ugase; oifttnetiona, p.otcin 

Glutamalc dehydrogenase (NADP"*); combines ammonia and a-ke.oglulara.e to fotm glularnale 
Glutamtnc synthetase; combines ammonia lo gliitamate in ATP-d.iven leaclion 
W^n'e^h^ pytophosphohydtobse/histidino. dehydrogenase; 2nd. 3rd. and 10th steps of 

K 1^^&^^ CC, ^ , •''^ 3Cid '"l™*™™) (alpha-kc.o-p.hyu.oxy.acy.) reductoisome.asc); second step in Va. 

Ph G , ,U h? ,|ph ? h: " ,: (phosphoglutamale dehydrogenase), proline biosynihelic en7vme 

Phixspboserine tiansammase; lnvo^ed in synlhes^ of serine from 3-phosphoElyCL-iaVe * 
1 rv'P'oplwn synthase, last (5th) step in tryptophan biosynthesis pathway 

Aciin; in volved in cell polarization, endocyiosis, and other cvioskeletal functions 
Adenylate kinase (GTP:AMP phosphotransferase V cytoplasmic 
Cylosohc acelaldehyde dehydrogenase 

Beta subunil of FI-ATP synthase; 3 copies are found in each FJ olipomei 
Homo og of mammalian 14-3-3 protein; has stiong similarity to Bmh2p 
Homolog of mammalian 14-3-3 protein; has strong simihuiiv to BmhJp 

KtRIM ^K^ptaS^ '""' i ' C ' 3 di; ' iSi ° n hma ** n,Cmb ' a " e >™°" 

^.^S^X'te may bc ''■" c ' ,m "' me Mep in h,miM ^ 

Kan, a Gl P-b.mling piotein of Ihe R.,s Miperfamily involved in IralBcking .hrongh naclea, pores 
Inorganic pviophosphalasr. cytoplasmic ■ '"" re '" P° ,cs 

teL^ ^^^^ ^ — - ^« 

Mannose- J phosphate guanyltiansferasc; GDP-mannose pyrophosphon-lase 
Kibonuclcoude reductase small subunil "ft 
5-Adt*nosylmelhioninc synihciase 7 
5-Adrnosylmelhionine synrhetsse 2 
Ct)ppej-2>nc supeioxidc tlismuiase 
Ut>K|uiiin-acrivaring (El) enzvme 



Y\ I Rino ^7l hi ? ,r3nS,a, : ona,, >' «>nliolled tumor p.o.oin of animal crlfe an J highei plants 

M-KIU9(Ahpll Alkyl hydroperoxide reductase ll,,1,,ni 

V MR J )6 (Ascj) Abundant pioitin with tweets on iranslationaf efliciem-v ^n.t r f .il i... 



enty ami arl) she, has two WD (WD-40) icpeats 



" Af fcplf il ua/nt 
Coin Ir.sv of I'rfi 



(mm ihf 5«T/«i : - lW rr« prnornc daiabase and YPD. Names in pa.enihescs up,e.stni ,« C ni ch»ni!cs 
ICiKdc. Jivc . icprmlcd wuj> per itii^iDn. 
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FIG. 2. Correlation of protein abundance with adjusted mRNA abundance. 
The number of molecules per cell of each protein is plotted against (he number 
of molecules per cell of the cognate mRNA, with an r of .0.76. Note the 
logarithmic axes. Data for mRNA were lalten from references 27 and 30 and 
combined as described in Materials and Methods. 



correlation, confirming a strong correlation between CA1 and 
protein abundance (Fig. 3). The relationship between CAJ and 
protein abundance is log linear from about 1,000,000 to about 
10,000 molecules per cell. We have no data for rarer proteins. 

It is not clear whether CAJ reflects maximum or average 
levels of protein expression. The proteins used for the CA1- 
protcin. correlation included some proteins which were not 
expressed at maximum levels under the condition of the ex- 
periment (Hsc82, Hspl04, Ssal, Adel, Arg4, His4, and others). 
When these proteins were removed from consideration and 
the correlation between CAI and the remaining (presumably 
constitutive), proteins^ was recalculated, the r s was essentially 
unchanged (not shown). 

The equation describing the graph in Fig. 3 is log (protein 
molecules/cell) - (2.3 X CAJ) + 3.7. Thus, under certain 
conditions (a CAI of 0.3 or greater; a constitutivejy expressed 
gene), a very rough estimate of protein abundance can be 
made by raising 10 to the power of [(2.3 X CAJ) + 3.7). 

The distribution of CAJ over the genome (Fig. 4) consists of 
a lower, bell-shaped distribution, possibly indicating a region 
where there is.no selection for codon bias, and an upper, flat 
distribution, starting at a CAJ of about 0.3, possibly indicating 
a region where there is selection for codon bias. Almost all of 
the proteins whose abundance we have measured are in the 
upper, flat portion of the distribution. Jn the lower, bcJJ-shaped 
region, we do not know whether there is a correlation between 
CAJ and protein abundance. 

Cb.-mges in protein abundance in ghicose and elhaool. A 
comparison of cells grown in glucose (Fig. 1 A) with cells grown 
in ethanol (Fig. IB) is shown in Table 1. As is well known, 
some proteins are induced tremendously during growth on 
ethanol. Two striking examples are the peroxisomal enzvmes 
JclJ (isocitrate lyase) and Cit2 (citrate synthase), which are 
mduced'in ethanol by more than 300- and 12- fold, respectively 
(Ftg. 1; Table J). These enzymes art key components of the 
glyoxvlate shunt, which dive its some acetyl coenzyme A 
(aceryJ-CoA) from the tricarboxylic acid cycle to ghiconeogen- 
esis. S. cercvisiac requires large amounts of carbohydrate ior its 
cell wall; in cihanof medium, this carbohydrate comes from 
gluconeogenesis, which depends on the glyoxvlate shunt and 
on. the glycolytic pathway running in reverse'. The need for 



gluconeogenesis also explains why glycolytic enzymes are 
abundant even in ethanol medium. Thus, 2D gel analysis shows 
the prominence of the glycolytic and glyoxvlate shunt enzymes 
in cells grown on ethanol, emphasizing that gluconeogenesis, 
presumably largely for production of the ceil wall, is a major 
metabolic activity under these conditions. 
" During gluconeogenesis, substrate-product relationships are 
reversed for the glycolytic enzymes. One might expect that not 
all glycolytic enzymes would be well adapted to the reverse 
reaction. Indeed, 2D gels show that in ethanol, Adh2 (alcohol 
dehydrogenase 2) is strongly induced (16), while its isozyme 
Adhl is not greatly affected. Adhl and Adh2 each inteTConvert 
aceialdehyde and ethanol. Adhl has a relatively high K m for 
ethanol (17 mM), while Adh2 has a lower K m (0.8 mM) (5). 
Thus, it is thought that Adhl is specialized for glycolysis (ac- 
etaidehyde to ethanol), while Adh2 is specialized for respira- 
tion (ethanol to aceialdehyde) (5, 29). Similarly, Enol (enolase 
1) is induced in ethanol, while its isozyme Eno2 (enolase 2) 
decreases in abundance (Table 1) (4, 19). Enol is inhibited by . 
. 2-phospbogrycerale (the glycolytic substrate), while Eno2 is 
inhibited by phosphoenolpyruvate (the gluconeogenic sub- 
strate) (4). Perhaps Enol has a lower K m for phosphoenol- 
pyruvate than does Eno2, though to our knowledge this has not 
been tested. Thus, the 2D gels distinguish isozymes specialized 
for growth on glucose (Adhl and Eno2) from isozymes spe- 
cialized for ethanol (Adh2 and Enol). 

Many heat shock proteins (e.g., FJsp60, Hsp82, Hspl04, and 
Kar2) were about twofold more abundant in ethanol medium 
than in glucose medium. This is consistent with the increased 
heal resistance of cells grown in ethanol (3). 

Enzymes involved in protein synthesis (Efl'l, RpaO, and Tifl) 
were about twice as abundant in glucose medium as in ethanol 
medium. This may reflect the higher growth rate of the cells in 
glucose; 

Phosphorylation or proteins. To examine protein phosphor- 
ylation, we labeled cells with 32 P and ran 2D gels to examine 
phosphoproteins. About 300 distinct spots, probably represent- 
ing 150 to 200 proteins, coujd be seen on pH 4-8 gels (Fig. 5B). 
We then aligned auioradiograms of three gels, each with a . 
different kind of labeled protein ( 32 P only [Fig. 5BJ, 32 P plus 
35 S |Fig. 5A], and 35 S only |nol shown, but see Fig. 1 for . 
example]). In this way, we made provisional identification of 
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some of ihe 32 P-labe)ed spots as particular 35 S-Iabeled spots. 
All such identifications are somewhat uncertain, since precise 
alignments are difficult, and of course multiple spots may ex- 
actly comigrate. Nevertheless,. we believe that most of the 
provisional identifications are probably correct. Among the 
major 32 P-Iabeled proteins are the bexoJcinases Rxkl and 
HxJcZ the acidic ribosome-associated protein RpaO, Ihe trans- 
lation factors Yef3 and Efbl, and probably Hsp70 heat shock 
proteins of the Ssa and Ssb families. RpaO and Efbi are quan- 
titatively monophosphorylated. 

Many yeast proteins resolve into multiple spots on these 2D 
gels (7). Yef3 has five or more spots., at least four of which 
comigrate with 32 R Tpil has a major spot showing no 32 P 
labeling and a minor, more acidic spot which overlaps with 
some 37 P label. Tifl has ai least seven spots (7); two of these 
overlap with some 32 P label, but five do not (Fig. 5). Eftl has 
at least three spots (7), and none of these overlap with 32 P, 
although there are three nearby, unidentified 3? P-labe)ed spots 
(a, c, and d in Fig. 5). Spots that seem to be extra forms of 
Met6, Pdcl, Eno2, and Fbal can be seen in Fig. 6A, but there 
is little 3r P at these positions in Fig. 5. Thus, phosphorylation 
explains some but not all of the different protein isofonnssecn. 
. The ceJUycle is regulated in part by phosphorylation. We 
compared 3? P-labeled proteins from cells synchronized in G, 
with o -factor, in cells synchronized in G, by depletion of G } 
cyclins, and in cells synchronized in M phase with nocodazole. 
Only very minor differences were seen, and these wete difficult 
to reproduce. The cell cycle proteins regulated by phosphory- 
lation may not be abundant enough for this technique to be 
applied easily. 

Centrifugal fractionation. We fractionated 3 ^S-)abeIed ex- 
tracts by centrifugation (Materials and Methods). Figure 6A . 
shows the proteins in the supernatant of a high-speed 
(100 7 000 X g. 30 min) centrifugal ion, while Fig. 613 shows ihe 
proteins in the pellet of a low- speed ( 1 6,000 x i> f 10 min) 
centriiugation. Many proteins are tremendously enriched in 
one fraction or the othci, while others arc piescni in both. 



Most glycolytic enzymes (e.g., : Tdh2, Tdh3, Eno2, Pdcl, Adhl, 
and Fbal) are enriched in the supernatant fraction. The only 
exception is Pfkl (not indicated), which is found in both pellet 
and supernatant fractions. Many proteins involved in protein 
synthesis (Eftl, Yef3, Prtl, TifJ, and RpaO) are in the pellet, 
possibly because of the association of ribosomes wiih the en- 
doplasmic reticulum. However, Efbl is in Ihe supernatant, as is 
a substantial portion of the Eftl. Perhaps surprisingly, several 
mitochondrial proteins (Alp2 [not shown) and ]lv5) are largely 
in the supernatant. Perhaps glass bead breakage of cells re- 
leases mitochondrial proteins. The nuclear protein Gspl is in 
the pellet fraction. The enrichment produced by centrifugal ion 
makes it possible to see minor spots which are otherwise poorly 
resolved from surrounding proteins. Figure 613 shows that the 
previously identified Tifl spot is surrounded by as many as six 
other spots that cofractionnte. We observed six identical or 
very similar additional spots when we overexpressed Tifl from 
a high-copy-number pjasmid (not shown). Signal overlaps only 
one or two of these spots in 32 P-labeling experiments (Fig. 5), 
and so the different forms are not mainly due to different 
phosphorylation states. 

DISCUSSION 

Our experience with developing a 2D gel protein database 
for 5. cerevisiae is summarized here. With current technology, 
we can see the most abundant 1,200 proteins, which is about 
one-third to one-quarter of the proteins expressed. The re- 
maining proteins will be difficult to see and study with the 
methods that we have used/not because of a lack of sensitivity 
but because weak spots are covered by nearby strong spots. 

Of the 1,200 piotcins seen, we have identified 148, with a 
bias toward the most abundant proteins. Steady application of 
the methods already used would allow identification of most of 
the remaining proteins. Gene overexpression wi!! be particu- 
larly useful since it is not a flee led by the lower abundance of 
the remaining visible proteins. 
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2D gels of the kind that we have used aje nol suitable for 
visualization of rare proteins. However it will be possible to 
study on a global basis metabolic processes involving relatively 
abundant proteins, such as protein synthesis, glycolysis, glu^ 
coneogenesis, amino acid synthesis, cell wall synthesis, nucle- 
otide synthesis, lipid metabolism, and the heat shock response. 

Gygi et al. (10) have recently completed a study similar to 
ours. Despite generating broadly similar data, Gygi el al. 
reached markedly different conclusions. We believe that both 
mRNA abundance and codon bias are useful predictors of 
protein abundance. However, Gygi et al. feel that mRNA 
abundance is a poor predictor of protein abundance and- that 
"codon bias is not a predictor of either protein or mRNA 
levels" (10). These different conclusions are partly a matter of 
viewpoint. Gygi et al. focus on the fact that the correlations of 
mRNA and codon bias with protein abundance are far from 
perfect, while we focus on the fact that, considering the wide 
range of mRNA and protein abundance and the undoubted 
presence of other mechanisms affecting protein abundance, 
the correlations are quite good. 

However, the different conclusions are also partly due to 

different methods of statistical analysis and to real differences 

in data. With respect to statistics, Gygi et aj. used the Pearson 

product-moment correlation coefficient (r p ) to measure the 

covariance of mRNA and protein abundance. Depending on 

the subset of data included, their r p values ranged from 0.1 to 

0.94. Because of the low r n values with some subsets of the 
• _ p 

data, Gygi et al. concluded that the correlation of mRNA to 
protein was poor. However, the r p correlation is a parametric 
statistic and so requires variates following a bivariate normal 
distribution; that is, it would be valid only if both mRNA and 
protein abundances were normally distributed. In fact, both 
distributions are very far from normal (data not shown), and so 
a calculation of r is inappropriate. There was no statistical 
backing for the assertion that codon bias fails to predict pro- 
tein abundance. 

We have taken two statistical approaches. First, we have 
used the Spearman rank correlation coefficient (r,). Since this 
statistic is nonparametric. there is no requirement for the data 
to be normally distributed. Using the r^we find that mRNA 
abundance is well, correlated with protein abundance (r s = 
0.74), and the CA1 is also well correlated with protein abun- 
dance (r, = 0.80) (and also with mRNA abundance [data nol 
shown]). For the data of Gygi et aJ. (10), we obtained similar 
results, though with their data the correlation is not as good;^ 
= 0J>9 for the mRNA-to-protein correlation, andr^ = 0.59 for 
the codon bias-lo-protein correlation. 

]n a second approach, we transformed the mRNA and pro- 
tein data to forms where they were normally distributed, to 
allow calculation of an r p (Materials and Methods). Two trans- 
formations, Box- Cox and logarithmic, were used; both gave 
good correlations with our data |e.g.. r ~ 0.76 for log(adjusled 
RNA) to log(protein)]. Wc were not able to transform the data 
of Gygi et al. to a normal distribution. 

Finally, there are also some differences in data between the 
two studies. These may be partly due to the different measure- 
ment techniques used: Gygi et al. measured protein abundance 
by cutting spots out of gels and measuring the radioactivity in 
each spot by scintillation counting, whereas we used phospho* 
rimaging of intact gels coupled to image analysis. We com- 
pared onr data to theirs for the proteins common between the 
studies (but excluding proteins whose mRNAs are known to 
differ between rich and minimal media, and excluding Tif'1, 
which was anomalous in differing bv 100 -fold between the two 
data scls). The ^ be I we en (he two protein data sets was 0.88 
(P < 0.0U0I). Although this is a strong conclation : the fad that 



it is less than 3.0 suggests that there may have been errors in 
measuring protein abundance in one or both studies. After 
normalizing the two data sets to assume the same amount of 
protein per cell, we found a systematic tendency for the protein 
abundance data of Gygi et al. to be slightly higher than ours for 
the highest-abundance proteins and also for the lowest-abun- 
dance proteins but slightly lower than ours for the middle- 
abundance proteins. These systematic differences suggest some 
systematic errors in protein measurement. AJthough we do.not 
know what the errors are, we suggest the following as a rea^. 
son able speculation. For the highest-abundance proteins, we 
may have underestimated the amount of protein because of a 
slightly nonlinear response of the phosphorimager screens. For 
the lowest-abundance proteins, Gygi et al. may have overesti- 
mated the amount of protein because of difficulties in accu- 
rately cutting very small spots out of the gel and because of 
difficulties in background subtraction for these small, weak- 
spots. The difference in the middle abundance proteins may be 
a consequence of normalization, given the two errors above. 

The low-abundance proteins in the data set of Gygi et al. 
have a poor correlation with mRNA abundance. We calculate 
that the r, is 0.74 for the top 54 proteins of Gygi et al. but only 
0.22 for the bottom 53 proteins, a statistically significant dif- 
ference. However, with our data set, the r s is 0.62 for the top 33 
proteins and 0.56 (not significantly different) for the bottom 33 
proteins (which are comparable in abundance to the bottom 
53 proteins of Gygi et al.). Thus, our data set maintains a good 
correlation between mRNA and protein abundance even at 
low protein abundance. This is consistent with our speculation 
that protein quantification by phosphorimaging and image 
analysis may be more accurate for small, weak spots than is 
cutting out spots followed by scintillation counting. Our rela- 
tively good correlations even for nonabundant proteins may 
also reflect the fact that we used both SAGE data and RNA 
hybridization data, which is most helpful for the least abundant 
mRNAs. In summary, we feel that the poor correlation of 
protein to mRNA for the nonabundant proteins of Gygi et al. 
may reflect dilficulty in accurately measuring these nonabun- 
dant proteins and mRNAs. rather than indicating a truly poor 
correlation in vivo, it is not surprising that observed correla- 
tions would be poorer with less-abundant proteins and 
mRNAs, simply because the accuracy of measurement would 
be worse. 

How well can mRNA abundance predict protein abun- 
dance? With r p ~ 0.76 for logarithmically transformed mRNA 
and protein data, ibe coefficient of determination, (r p ) 2 , is 0.58. 
This means that more than half (in log space) of the variation 
in protein abundance is explained by variation in mRNA abun- 
dance. When converted back to arithmetic values, protein 
abundances vary over about 200-fold (Table 1), and (r p ) 2 = 
0.58 for the log data means that of this 200-fold variation, 
about 20-fold is explained by variation in the abundance of 
mRNA and about 10- fold is unexplained (but could be due 
partly to measurement errors). For proteins much less abun- 
dant than those considered here, we imagine the in vivo cor- 
relation between mRNA and protein abundance will be worse, 
and other regulatory mechanisms such as protein turnover will 
be more important. 

Some important conclusions can be drawn from this sam- 
pling of the protcome. Fiist. there is an enormous range of 
protein abundance, from nearly 2,000.000 molecules per cell 
for some glycolytic enzymes to about 100 per cell loi some cell 
cycle pioteins (26a). Second, about half of all cellular protein 
is found in fewe> than J 00 different gene products, which are 
mostly involved in carbohydrate metabolism or pioicin svnthc- 
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sis. Third, the correlation between protein abundance and CAI 
is Jog linear as far as we can see, which is from about 10,000 
protein molecules per cell to about l..OOO,0OU This is somewhat 
surprising, because it implies that selective forces for codon 
bias are significant even at moderate expression levels. It also 
means that codon bias is a useful predictor of protein abun- 
dance even for moderately tow bias proteins. Fourth, there is a 
good correlation between protein abundance and mRNA 
abundance for the proteins that we have studied. This validates 
the use of mRNA abundance as a rough predictor of protein 
abundance, at least for relatively abundant proteins. Fifth, for 
these abundant proteins, there are about 4,000 molecules of 
protein for each molecule of mRNA. This last conclusion 
raises questions as to how the levels of nonabundarit proteins 
are regulated and suggests that protein instability, regulated 
translation, suboptimal rates of translation, and other mecha- 
nisms in addition to transcriptional control may be very impor- 
tant for these proteins. 
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Pre-traasiational regulation of cytochrome P450 genes is responsible for 
drrhSs PCC C ° f individ,,a, P450 enz y mes a ™°«g Patients with 

GeorgeJ, LjddjeC, Murray M , Bythjg, Farrell GC 

We havs recently reported that disease-specific differential alterations in the hepatic 
express,on of xenob.ot.c-metabolizing cytochrome P450 (CYP P450) enzymeT occur in 

£ «£■ h7 ^ ° rder t0 detemiine Whether * e o^rved cadges 
in CYP pro ems are modulated at pre- or pbst-transjatiorial levels, we have now examSed 
the hepatic levels of mRNA for CYPs 1A2.2C9.2E1 and 3A4 b ; solution hTnSon 
m the same livers of 20 controls (surgical waste from histological normal TcrTT 

C ^A ^CYpt lai "* 1 " ° f SCVerC MC *™ CVP!A2 

mRNA and CYP 1 A immunoreachve protein were both reduced in livers with 

hepatocellular and cholestatic types of cirrhosis. In contrast, CYP3A4 mRNA and protein 

were reduced only m liver, from patients with hepatocellular diseases. VcTmLITm 

diere were significant correlations between mRNA species and the respectiveprotein 

contents (rSl A2 = 0.74, rS3A4 = 0.64, P < 0.0001). CYP2C9 mRNA was redu«S7n 

pauenfc with both cholestatic and hepatocellular types of KWdi^Z^SSSi 

CYVSmRNA 7 WiUl Ch ° ,eStatiC dySfonCti0n - ^ benvC 

z^^onWUV^ ^.^f^fi^C* - 0.36, P < 0.005) but mRNA levels 
accounted lor only 13% of foe variability in protein rankings. This is probably a 

SSaT^^p^r^ apart from 209 beine detected *y the 

antibody CYP2E1 mRNA and protein were reduced in patients with cholestatic liver . 
disease, but in hepatocellular disease the expression of only CYP2E1 mRNA was 
decreased CYP2E1 mRNA was significantly correlated with CYP2E1 Drotein but 
accounted for only 1 8% of the variability in protein ranJdngs (rs = 0.43 P< 0 0005) 

•SSoSSS-?* ^ ,ndiCate that alterations of Sotic- 

metabohzing CYP enzymes among patients with cirrhosis is due, at least in part to pre- 

translational mechan.srns. The lack of a strong correlation between CYP2E1 mRNA and 

nSSK I l f iS 57* 1UCe hS ^ ° rth ° ,0gUe ' " ay beSub J ect to Pre-translational 
as well as translational and/or post-translational regulation: 

PMID: 7741759 [PubMed - indexed for MEDLINE] 
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Cyclooxygenasc-2 expression ia macrophages: modulation by protein 
kuiase C-alpua. 

Giroiix IVI. Descoteaux A 

Sc^ 

Cyclooxygenase-2 (COX-2) is an inducible enzyme responsible for high levels of PG 
production during inflammation and immune responses. Previous studies with 
pharmacolog.cal mhibitors suggested a role for protein kinase C (PKC) in PG production 
possibly by regulating COX-2 expression! In this study, we addressed the role of PKC- 
alpha in the modulation of COX-2 expression and PGE2 synthesis by the overexpressing 

°^W°ZTw^ lV T N \ ° nh[S iS ° en2yme in thC m0Use ™acro P hage P cell line 

f£ r^r ,nV< f f tCd ^ effcct ° f Vari0US stimuH on COX " 2 expression, namely 
•a Vr™"™' 6 mtracelluIar P»n»ite Leishmania donovani. Whereas LPS- 
induced COX-2 raRNA and protein expression were down-regulated in DN PKC-atoha- 
overexpress.ng clones, IFN-gamma-induced COX-2 expression was up-regulated in DN 
t- KC-alpha-overexpressing clones with respect to normal RAW 264 7 cells 
Measurements of PGE2 levels revealed a strong correlation between PGE2 secretion and 
IFN-garnma-mduced COX-2 mRNA and protein levels in DN PKC-alpha-overexpressing 
clones. Taken together, these results suggest a role for PKC-alpha in the modulation of 
LPS-^and IFN-gamma-induced COX-2 expression, as well as in IFN-gamma-induced . 
I GE2 secretion. 
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Transcript profiling of human platelets usiug microarray and serial 
analysis of gene expression. 

GgatcnkoDV, DunnJJ, McCorkle SR, Weissm^nP, Pern^tfaPL, BafaouWF, 
Brin^-S m d S Pr08ram " Genet,CS ' State Uni ™* of Ne* York, Stony 

Human platelets are anucleate blood cells that retain cytoplasmic niRNA and maintain 
functionally intact protein translation^ capabilities. We have adapted complementary 
techniques of microatiay and serial analysis of gene expression (SAGE) for genetic 
profiling of highly purified human blood platelets. Microarray analysis using the 
Atfymetnx HG-U95Av2 approximately 12 600-probe set maximally identified the 

33^ ? i 147 ( 7 g ^. 13% - ,7% ) P'atelet-expressed transcripts, with approximately 
22/, collectively involved in metabolism and receptor/signaling and an 
ovarepresentafaon of genes with unassigned function (32%). In contrast, a modified 
SAGE protocol us.ng the Type IIS restriction enzyme Mmel (generating 21 -base pair 
[bp] or 22-bp tags) demonstrated that 89% of tags represented mitochondrial (mt) 
transcripts (enriched in 16S and 12S ribosomal RNAs). presumably related to persistent 
mt-franscnption in the absence of nuclear-derived transcripts. The frequency of non-mt 
SAGE tags paralleled average difference values (relative expression) for the most 
abundant transcripts as determined by microarray analysis, establishing the 
concordance of both techniques for platelet profiling. Quantitative reverse transcription- 
polymerase chain reaction (PCR) confirmed the highest frequency of mt-derived 
transenpts, along with the mRNAs for neurogranin (NGN, a protein kinase C substrate) 
and the complement lysis inhibitor clusterin among .the top 5 most abundant transcripts 
For confirmatory characterization, immiinoblots and flow cytometric analyses were ' 
performed, establishing abundant cell-surface expression of clusterin and intracellular 
expression of NGN. These observations demonstrate a strong correlation between high 
transcript abundance and protein expression, and they establish the validity of transact 
analysis as a tool for identifying novel platelet proteins that may regulate normal and 
pathologic platelet (and/or megakaryocyte) functions. 

PMID: 12433680 [PubMed - indexed for MEDLINE] 
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Transcript profiling of human platelets using microarray and serial analysis 
of gene expression 

Dmitri V. Gnatenko, John J. Dunn, Sean R. McCorkle, David Weissmann, Peler L. Perrotta, and Wadie F. Bahou 



Human platelets are anucleate blood cells 
that retain cytoplasmic mRNA and main- 
tain functionally intact protein transla- 
tional capabilities. We have adapted 
complementary techniques of microarray 
and serial analysis of gene expression 
(SAGE) for genetic profiling of highly 
purified human blood platelets. Microar- 
ray analysis using the Atfymetrix HG- 
U95Av2 approximately 12 600-probe set 
maximally identified the expression, of 
2147 {range, 13%-17%) platelet-expressed 
transcripts, with approximately 22% col- 
lectively involved in metabolism and re- 
ceptor/signaling, and an overrepresenta- 
tion of genes with unassigned function 
(32%). In contrast, a modified SAGE proto- 
col using the Type IIS restriction enzyme 



Mmet (generating 21-base pair [bpj or 
22- bp tags) demonstrated that 89% of 
tags represented mitochondrial (mt) tran- 
scripts (enriched in 16S and 12S ribo- 
sornal RNAs), presumably related to per- 
sistent mt-transcription in the absence of 
nuclear-derived transcripts. The fre- 
quency of non-nit SAGE tags paralleled 
average difference values (relative expres- 
sion) for the most "abundant" transcripts 
as determined by microarray analysis, 
establishing the concordance of both 
techniques for platelet profiling. Quantita- 
tive reverse transcription-potymerase 
chain reaction (PCR) confirmed the high- 
est frequency of mt-derived transcripts, 
along with the mRNAs for neurogranin 
(NGN, a protein kinase C substrate) and 



the complement lysis inhibitor clusterin 
among the top 5 most abundant tran- 
scripts. For confirmatory characteriza- 
tion, immunoblots and flow cytometric 
analyses were performed, establishing 
abundant cell-surface expression of clus- 
terin and intracellular expression of NGN. 
These observations demonstrate a strong 
correlation between high transcript abun- 
dance and protein expression, and they 
establish the validity of transcript analy- 
sis as a tool for identifying novel platelet 
proteins that may regulate normal and 
pathologic platelet (and/or megakaryo- 
cyte) functions. (Blood. 2003;1 01:2285-2293) 
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Introduction 



Human Wood platelets play critical roles in normal hemostatic 
processes and pathologic conditions such as thrombosis, vascular 
remodeling, inflammation, and wound repair Generated as cytoplas- 
mic buds from precursor bone marrow megakaryocytes, platelets 
are anucleate and lack nuclear DNA. although they retain 
megakaryocyte- derived mRNAs. 1,2 Platelets contain rough endo- 
plasmic reticulum and polyribosomes, and they retain the ability 
for protein biosynthesis from cytoplasmic mRNA. 3 Quiescent 
platelets generally display minimal transnational activity, although 
newly formed platelets such as those found in patients with 
immune thrombocytopenic purpura ()TP) synthesize various a-gran- 
ule and membrane glycoproteins (GPs) : including GPJb and 
GPJlb/Dla {a lIb fc). Furthermore, stimulation of quiescent platelets 
by agonists such as o- thrombin increases protein synthesis of 
various platelet proteins, including Bcl-3. 4 Like nucleated cells, the 
rapid translation of preexisting ?nRNAs may be regulated by 
integrin ligation to extracellular matrices.-' Jn the case of platelets, 
the primary integrin involved in. this process appears to be a„ b (J 3 



with cooperative signals mediated by the collagen receptor o>p, 



6.7 



Jnregrin- mediated platelet protein synthesis appears to be regulated 
at the level of translation initiation involving the eukaryotic 
initiation factor 4E (clF4E). Jnstead of directly influencing elF4E 
activity via posttranslational modifications (ie, phosphorylation), 
platelet e]F4E activity best correlates with its spatial redistribution 
to the mRNA-enriched cytoskeieton. 8 Furthermore, because pro- 
tein translation is partially inhibited by the immunosuppressant 
rapamycin, it suggests that adhesion- and/or aggregation- induced 
outside- in- signaling function to regulate protein synthesis through 
the mTOR ( mammalian target of rapamycin) pathway. fr - 8 ' 9 

Despite the biologic importance of platelets and their intact 
protein synthetic capabilities, remarkably little is known about 
platelet mRNAs. Younger platelets contain larger amounts of 
mRNA with a greater capacity for protein synthesis, as deteroiincd 
by using fluorescent nucleic acid dyes such as thiazole orange.' 0 
This assay has been used as a quantitative determinant of younger 
or "reticulated" platelets (RPs). Indeed increased reticulated plate- 
lets arc typically found in patients with conditions associated with 
rapid platelet turnover such as FTP; typically RP percentages in 
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such patients approach 10% to 20% of all platelets, considerably 
higher than in healthy control subjects.' 1 Interestingly high RPs 
have, been associated with enhanced thrombotic risk when identi- 
fied in patients with thrombocytosis, ,0 suggesting that quantita- 
tively increased mRNA levels may be associated with the prothrom- 
bolic phcnotype. Whether this is related to globally altered gene 
expression profiles or to select changes more evident during 
situations of rapid plalelet turnover remains unknown. Certainly, 
technical limitations of ihis assay limit its utility in defining 
prothrombotic genotypes, l(M 2 and it cannot identify differentially 
expressed genes that may be causally implicated in disordered 
platelet phenotypes. 

Toward the goal of defining the molecular anatomy of the 
platelet genome, we have adapted complementary techniques of 
microarray and serial analysis of gene expression (SAGE) for 
genetic profiling of highly purified human blood platelets. Microar- 
ray technology represents a "closed" profiling strategy Jimiled by 
the target genes imprinted onto gene chips. In contrast, SAGE is an 
"open" architectural system that can be used to identify novel genes 
and to quantify differentially expressed mRNAs.' 315 The sequence 
of each tag along with its positional location uniquely identifies the 
gene from which it is derived, and differentially expressed genes 
can be identified in a quantitative manner because the tag frequency 
reflects the mRNA level at the time of cellular harvest and analysis. 
By using both technologies, we have identified a number of 
previously uncharacterized genes that appear to be expressed in 
human platelets, while simultaneously establishing the dominant 
frequency of mitochondrial- expressed genomes comprising the 
platelet mRNA pool. These observations provide a panoramic 
overview of the platelet transcriptome, while additionally provid- 
ing insights into the molecular pathways regulating platelet (and/or 
megakaryocyte) function in normal and pathologic conditions. 



Materials and methods 

Reagents and supplies 

Thermus aquaticus (Taq) polymerase was purchased fiom (Roche, Indianap- 
olis. IN), T4 DNA ligase was purclrascd from Invitrogen (Carlsbad. CA), 
and restriction enzymes were fiom New England Biolabs (Beverly MA), 
except for Mme). which was obtained from the Center for Technology 
Transfer (Gdansk, Poland). All oligonucleotides were synthesized on an 
Applied Biosystems (Foster City, CA) 3-channel synthesizer and are listed 
m Table I. Monoclonal antibodies used for flow cytometric analysis 
included the FJTC (fluorescein isothiocyanaie)-conjugated anti-CD-I I 
(«iid33> immunoglobulin Gl (IgGl; lmmunotech, Miami, FL); pbyco- 
erythrin (PE)- conjugated amiglycophorin (JgG2; Decton Dickinson Phann- 
ingen. San Diego, CA); and petiJinin chlorophyll protein (PHRCP)- 
cunjugalcd ant i CO J 5 (IgGl: Breton Dickinson Phamiinecn). 

Platelet isolation, purification, and immunodetection 

All human subjects provjjed informed consent for an 1RB (Institutional 
Review Board)- approved protocol completed in conjunction with the 
General Clinical R cm- arch Center at Stony Brook University Hospital. 
Peripheral blood (?0 mL ) ftom healthy volunteers drawn into 2 mL of 4% 
Sodium citrate '0.-1% vol vol final concent ration) wns used to isolate 
erythrocyte* by di (Trie mi a I rcntri tup anon O.SOftg) or to isolate puio 
leukocytes by density- •.•ladiciit mm tfujNition as pieviouslv described."* 
Platelets collet ie»l horn healthy volunteers bv npneicsis were used within 
24 hours of c oiler lion. Attn addition of ? mM £1)1 A (elhvlcnediaminetci- 
raacetic acid), apheir.Msdf rived platelets horn a single donor were 
cenirihiged at f% foi 13 minutes at ?5°C. To minimize leukocyte 
contamination, only the upper 9/10 of the platelet- tieh pl:i:ma |PRP) was 



used for gel filtration over a BioGel A50M column (1 000 mL total volume) 
equilibrated with HBMT (HEPES- buffered modified Tyiodes buffer. 10 
mM HEPES (#-2-hydjoxyeth'ylpipera2me -/V%2-ethanesulfonic acid) pH 
7.4, 150 mM NaCl, 2.5 mM KC! 5 0.3 mM NaH 2 P0 4 , 12 mM NaHCOj, 
0.2% bovine serum albumen [BSA], 0.1% glucose, 2 mM EDTA). 
Gel- filtered platelets (GFPs) were subsequently filtered through a 5-pjn 
nonwetling nylon filament filter (BioDesign, Carmel, NY) at 25°C and 
harvested by centrifugation a I 150% for 10 minutes at 25°C Platelets were 
gentry and thoroughly resuspended in 10 mL HBMT buffer and incubated 
with 120 pX murine monoclonal aoti-CD45 antibody conjugated to 
magnetic microbeads (Miftenyi Biotec, Bergisch Glad bach, Germany) on a 
rotating platform, for 45 minutes at 25"C Magnetic separation columns 
were used to capture CD45* cells (leukocyte traction) by positive selection 
. (MACS II; Milienyi Biolec). Purified platelets were concentrated by 
ceniri ruga t ion ot J 500g and immediately used for total RNA isolation. 

The efficiency of platelet purification was documented at each step by 
flow cytometry.' 7 Briefly, aliquots containing 2 X I0 6 platelets were 
incubated with saturating concentrations of FITC-conjugated ariri-CD4I, 
PE-conjugaled anliglycophorin, and PERCP-conjugated anti-CD45 for 15 
minutes in the dark at 25*0, washed with phosphate-buffered saline (PBSX 
and fixed in PBS/1% formalin. Samples were analyzed using a FACScan 
(fluorescence- activated cell sorter scan) flow cytometer (Becton Dickinson) 
using CELLQuest software designed to quantify the number of CD45 + and 
glycophorin- positive events in the sample (expressed as the number of 
events per 100 000 CD41 + events). For some experiments, fixed platelets 
were permeabilized with 0. 1% Triton-X/PBS for 30 minutes at 25°C prior 
to the addition of primary antibodies, alt as previously described..' 7 

Platelet protein detection was completed by sodium dodecyl sulfate 
(SDS)-polyacrylamide gel electrophoresis (PAGE) and immunobJol analy r 
sis as previously described, using the species-specific horseradish peroxidase- ' 
conjugated secondary antibody and enhanced chemiluminescence. 16 Anti- 
bodies included the anticluslerin monoclonal antibody (Quidcl, Santa Clara, 
CA; 1:1000 primary and 1:10 000 secondary) and the antineurogranin 
rabbit polyclonal antibody (Chernicon Internationa), Temecula, CA; 1:1000 
primary and 1:10 000 secondary). 

Molecular analyses and microarray profiling 

Purified, individual cell fractions were resuspcnded'in 10 mJL Trizol reagent 
(Invitrogen), transferred into die thylpyrocar bona tc (DEPC)- treated Corex 
(Springfield, MA) tubes, and serially purified and precipitated by using 
isopropanol essentially as previously described. 16 Total cellular RNA was 
harvested by cenlrifug3tion al 12 500# for 20 minutes at 4°C, washed 2 
limes with 75% ethanol (10 mLAube). and resuspended in 100 uX 
DEPC-treated water. Platelet mRNA quantitation was performed by using 
fluorescence-based real-lime PCR (polymerase chain reaction) technology 
(TaqMan Real-Time PCR; Applied Biosystems,. Foster City. CA). Oligonu- 
cleotide primer pairs were generated by using Primer 3 software (www- 
genome. wi.mit.edu), designed to generate approximately 200-base pair 
I bp) PCR products at the same annealing temperature, and are on! lined in 
Table I. Purified platelet mRNA (4 u.g) was used for first-strand cDNA 
synthesis using oligo(dT) and Superscript I) reverse transcriptase (Invitto- 
gen). For real-time reverse transcription (RT)-PCR analysis, the RT 
reaction was equally divided among primer pairs and used in a 40-cycle 
PCR reaction for each target gene by using the following cycle: 94°C for 30 
seconds, 55°C for 30 seconds, 72°C for I minute, and 7|°C for io seconds 
(40 cycles total). mRNA levels were quantified hy monitoring real-time 
fluofomelric intensity of SYBR green I. Relative mRNA abundance was 
ilcteiTtnncd from triplicate assays per formed in parallel for each primer pair 
and was calculated by using the comparative threshold evele number (£-Ct 
method) as previously described." 1 

Gene expression profiles were completed by using the approximately 
12 600-pinbe set HG-U95Av? gene chip (AfTymeti i.x. Santa Clara, CA). 
Total cellular RNA (.*» pg) was used fo ( cDNA synthesis by using 
Superscript Choice system (l.jfe Technologies. Rockville. MO) and an 
oligo(dl) primer containing the 77 polymerase recognition sequence 
(Primer Si; Table I), followed by cDNA purification using GFX spin 
columns. In vitro transcription was completed in the presence of biotinyl- 
aied ribonucleotides by using a BioAnay MighVield RNA Transcript 
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Table 1. Oligonucleotide primers 


• 


Gene and primer 




Nucleotide 


Primer 


direction 


Sequence (5* - 3') 


Position 


v_> t 


OlVrwi (rfT\ 


5 ' - Bn - GGCCAGTGAATTGTAATAC GACTCACTATAGGGAGGCGG - ( (JT ) , , - 3 * 








5 - T 1 iGGAi i iiJCTGCTTCGAGTACAACTAGGCIT AATCCGACATG- 3 








3 ' - * CCTAAACGACCAGCTCATGTTGATCCGAATAAGGCTp- 5' 




r^^pito n 




5* - pTTCATGGCCGAGACGTCrcCCACTAGTGTCGCAACTGACTA* - 3 ' 








3*- KNAAGTACCGCCTCTGCAGG CGCTGATCACAGCGTTG ACTCAT- 5' 

■4 






p»r*r 

oAGfc • 


5 ' - Bn - GGATTTGCTGGTCGAGTACA- 3 ' 


— 


M 
OJ . 


i>Afc>b 


' S'- Bn-TAGTCAGGTGCGAChCTAGTGGC- 3 ' - 


**- 


GP4 


Glycoprotein IIB |F| 


5 ' - AGGGCTTTGAGAGACTCATCTGTA - 3 * 


2094^2117 


GPS 


Glycoprotein IIB JR) 


5 ' - ACAATCTTGCJVrri-GGATTCTG- 3 ' 


. 2301-2279 


GP6 


Glycoprotein IIIA \F] 


5 ' - TATAAAGAGGCCACGTCTACCTTC- 3 ' 


2335-2358 


GP7 


Glycoprotein IIIA [R| 


5 ' - CACTTCCACATACTGACATTCTCC- 3 ' 


2532-2509 


PARIS 


PARI |FJ 


5 ' - AATGTCAGTTCTGATATGGAACCA- 3 ' 


2585-2608 


PAR 19 


PARI |R) 


5* - CCCAAATGTTCAAACTTCTTTAGC- 3 ' 


2776-2753 


SR8 


16SrRNA[FJ 


5 ' - TGCAAAGGTAGCATAATCACTTGT- 3 * 


2586-2609 


SR9 


16SrRNAJR) 


5 ' - GTTTAGGACCTGTGGGTTTGTTAG - 3 ' 


2785-2762 


NADH10 


NADH2IH 


5 ' - CTAGCCCCCATCTCAAATCATATAC- 3 ' 


4875-4898 


NADU 11 


NADH2 |R) 


5 ' - AATCGTTATGTTAGGGTTGTACGG- 3 ' 


5075-5052 


TKYM12 


Thymosin 04 [FJ 


5 '. - AAGACAGAGACGCAAGAGAAAAAT- 3 ' 


135158 


7HYM13 


Thymosin B4 |RJ 


5' - GCAGCACAGTCATTTAAACTTGAT- 3 ' 


336-313 


CLUS14 


Clusterin |F) 


5 ' - CCAACAGAATTCATACGAGAAGG- 3 * 


» 1006-1028 


Ct. US 15 


Clusterin |RJ . 


5 CGTTATATTTCCTGGTCAACCTCT- 3 ' 


1222-1199 


NRG 16 


Neujogranin (F| 


5 * - GCCCTTTTACTTAGTTCTGC AGTC - 3 ' ' 


1351-1374 


IMRG17 


Neurogranin [RJ 


5 ' - TTTTCTTT AAGTGAGTGTGCTTGG- 3 ' 


1567-1544 




T-cell receptor 






7CR18 


p-chain [f] 


5 ' - CCACAA CTATGTTTTGGTATCGT - 3 ' 


131-153 




T-ceft receptor 






TCR19 


p-chain |R| 


5 ' - CTAGCACTGCAGATGTAGAAGCT- 3 ' 


332-310 


CD4520 


CD45|F| 


5 ' - GCT CAG AATGGA CAAGT A - 3 ' 


3771-3788 


CD4521 


CD45 [R| 


5 * - C ACA CC CATACACA CATACA - 3 ' 


4260-4261 



(F| indicates forward (sense) sliand-.fR). Averse (oniiser.se) strand; Bn. biotin; p. aphosphorylaled5' end (cassettes A and B); underlining. A/Jalll sites in cassettes A and B; 
aiiows. corresponding sequence lor S2 and S3 wilhin cassettes A and B. respectively; bold, the Wmel site: and N. A. C. T. or G. nucleotide position based on the following 
accession numbers: glycoprotein IIB (J02764), glycoprotein IDA (M35999), PARI (M62424). 16S iRNA and NADH2 (NC 00t807). thymosin 04 (M17733) ctusle/in (M25915) 
neuiogianin|X99O76).TCR0-choin(AFO43182),CD45(YOO638). ' 

'Indicates an amino- modified 3' end in both cassettes; — . not applicable. 



Labeling Kit (Enzo Diagnostics, Famringdale, NY), ami, after metal- 
induccil fragmentation, J 5 u.g biotinylated cRNA was hybridized to the 
JIG-U95Av2 oligonucleotide probe array for 16 hours at 45°C. After 
washing, the cRjNA was detected with streptavidin-phycoerylhrin (Molecu- 
lar Probes, Eugene, OR) and analysis was completed by using a Hewlett- 
Packard Gene Array Scanner (Affymcirix). The average difference value 
(AO) for each probe set was quantified using MAS 4.01 software 
lAfTymctrn), calculated as an average of fluorescence differences for 
perfectly matched versus single-oucleohde mismatched 25-mer oligonucle- 
otides (16 to 20 oligonucleotide pairs per probe set). The software is 
designed in exclude "positive calls" in ihe presence of high average 
diffeiences with associated high mismatch intensities. 

SAGE profiles 

I 'Ink* let SAGF, libraries were generated essentially as previously de- 
scribed. '■' modi lied as oni lined in Figure ( foi l he use of Mmc) as the 
tagging enzyme.'* This lypc IIS restriction enzyme cleaves 20 of 18 bp past 
its nonpalindromic (TCCRAC) recognition sequence, ihciebv geneiaiing 
longer tags I? I - or 22- met) than those obtained using B.tmFI as the standard 
tagging ennmc 03-14 bp lags). These lungci A/mpI-ceiieiatcd tags 
potentially piuvidc for more dehnirive "Tag-io-gene" identification and rue 
particularly useful in characterizing 0 pi ess ion patterns in the ahience of 
complete genomic sequence tlnia (comprehensive meihods detailed in Dunn 
ci al ,? ). Briefly. poIy(A) mRNAwas isolated fiom 10 tig total platelet RNA 
using the ^Itpo-liTf) Si primer conjugated to magnetic heads (Oynal 
Itiotceh. LaVe Success,. NY), followed by cDNA synthesis using Super- 
Script II icveiif transcriptase (Invjtiogen). The cDNA was ihen digested 



with the. restrict ion enzyme Nh 111 (anchoring enzyme), ligated to cassette A 
using T4 DNA tigase, and. after the beads were extensively washed, the 
cDNA was digested with AtW) to release the lags from the beads. After 
purification, tags were ligated 10 degenerate cassette B linkers (specifically 



x 



- T x 1 T: — 16»CrC€/7?f * I 
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Figuie 1, Scherrto outlining the modified SAGF piotocot used in platelet 
analyses. The final i,-j<)s aie flnnhed by the W/olll (r»nchoiing enzyrne) CA1G 
sequence, theieby providing laq to-gene identifrcalion when exported to a ictalional 
database uetei to "BiointorTnrttic analyses" and 7nt>le 1 loi details) 
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designed to anneal lo the nonuniform Mme\ overhangs), and PCR-amplificd 
using biotinylated primers S2 and S3 for 30 cycles (95°C for 30 seconds; 
5JPC for 30 seconds; 72*C for 30 seconds) using Platinum Taq DNA 
polymerase (Gibco BRJL). A fraction (20%) of the pooled PCR products 
were then subjected to one round of linear amplification using primer pair 
S2/S3, followed by a second round of 25 amplifications using primer S2 
alone (95°C for 30 seconds, 58°C for 30 seconds, 72°C for 30 seconds). 
Primer S3 was subsequently added for one cycle (95°C for 2.5 minutes, 
58°C for 30 seconds, 72°C for 5 minutes); the latter steps were collectively 
adapted to exclude hcicroduplca fonna lion. 1,1 Unincorporated primers were 
removed by incubation with 200 U Escherichia coli exomiclease I for 60 
minutes at 37*C. PCR products were then pooled and digested with Mo)J] 
to release tags, and biotinytotcd linker arms were cleared using slreptavidin- 
coated immunoaffinity magnetic beads (Dynal Biotech). Tags were con- 
. catamerized using 5 U/uX T4 DNA ligase, and products more than 100 bp 
were isolated by size- fractionation in low-melting agarose gels. The DNA 
was purified by GKX spin columns, and the concatamers were cloned into 
the Sph} site of pZero (Invitrogen). After transformation into Ecoli TOP 10 
cells, recombinant clones were isolated and sequenced in 96-welI microliter 
plates using, an ABI 377 sequencer and AB1 Prism BigDye terminator 
chemistry (PerfuVEImer Applied Biosystems, Branchburg, NJ). 

Bioinformattc analyses 

Functional grouping of genes determined to be present by Afrymetrix MAS 
4.01 software was performed using a dChip program linked to the National 
Center for Biotechnology LocusLink, which is an annotated reference 
database for genes and their postulated functions. 70 Of the approximately 
12 600-probe sets represented on the A/Tymetrix HG-U95Av2 Gene chip, 
functional annotations exist for approximately 8100 with the remainder 
categorized as unknown. Microarray data were visualized and analyzed 
using BRB- Array Tools software (Version 2.1), kindly developed and 
provided by Dr Richard Simon and Amy Peng (limis.nci.nih.gov/BRB- 
Array Tools.html). A logarithmic (base 2) transformation was applied to the 
average difference values for individual data sets for determination of 
microarray concordances. Discordancy was defined as a 2-log difference in 
the maximum log intensities between individual experiments. 

SAGE lags were extracted by using in-bouse SAGE software uniquely 
modified to identify Mme\ tags. The software ensures that only unambigu- 
ous 21- to 22-bp tag sequences are extracted for transcript profiling. Tags 
with ambiguities (Ns), lengths other than 21 or 22 bp, or with ambiguous 
orientations were extracted to separate files for manual editing or further 
examination. Finalized data were exported to a relational database for lag 
quantification and genetic idem ificat ion. :w 
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Figure 2. Determination of platelet purity. (A) Total cellular RNA (1.8 ,19) from 
platelet-rich plasma (PRP) or purified platelets from a sbgle apheresrs donor were 
analyzed by RT-PCR (35 cycles) using ofigonucteotrde prfrners specific lor glycopro- 
tein lib (GPIlb), T-cefl receptor 0-charn fJCRp), or CD45; 10 pi ol the 50 pL reactions 
were analyzed by ethidiuro-stained agarose gel electrophoresis. Minimal to no 7CR$ 
gene product was visually evident only in PRP. Size markers corresponding to 
Hoein-rostricted *X174 DNA are shown. (B) Real-lime RT-PCR was completed by 
using 1.8 p 9 total RNA and TCR3-specific oligonucleotide primers optimized lor 
quantitative analysis by real-lime PCR.'» On the bash of parallel determinations 
using RNA isolated from known amounts of purified leukocyte standards, the 
leukocyte-depletion protocol represents pn approximate 2.5-tog purification from the 
starting PRP. Results are representative of one complete set ol experiments repeated 
on 2 separate occasions, and data points represent the mean from triplicate wells, 
with standard errors of the mean fSEM) less than 1 % (not shown). 



2). The platelet recovery was nearly 65% of ihe starting material, 
yielding approximately 2.3 X JO 1 ' platelets from an initial aphere- 
sis pack containing approximately 3.6 X 10" platelets. The bulk of 
the losses occurred during the initial cenlrifugation and filtration 
steps. The purification protocol was less effective at removing 
erythrocytes, although there were less than 50glycophorin-positive 
cells per) X JO 5 platelets after the final purification step. Nonethe- 
less, these cells represent unlikely sources for contaminating 
cellular RNA (see "CclluJar microarray analysis" below). 



Cellular microarray analysis 



Results 

Platelet purification 

To ensure that the RNA profiles accurately represented those of 
circulating blood platelets, a number of complementary methods 
were implemented lo remove contaminating nucleated leukocytes. 
Purification methods incorporating tie! filtration, a 5-pm leukocyte 
reduction filter, and magnetic Cl)45 immmiodepletion allowed for 
the cumulative enrichment ol" highly purified platelets. The efficacy 
of this purification method was initially established by using 
peripheral blood plalelei-rich plasma as" the starting material. The 
final product contained no more than 3 10 5 leukocytes per I X IfP 
platelets as detct mined by parallel flow cytometric analysis, 
representing an approximate J.MMold 1 eduction of nucleated 
leukocytes. These results correlated well with molecular evidence 
lor leukocyte depletion as detei mined by RT-PCR using both CD45 
and T-cell receptor fi-obam (TCRfJ) primers (see Figure 2). 
Because the total RNA yield from peripheral blood platelets was 
insufficient for micron nay studies. w C adapted the protocol to 
platelet aphcresis donu.-s with nearly identical final purity (Figure 



The purified platelet RNA was sufficient for microarray studies and 
was used for cRNA generation and hybridization to the Affymetrix 
HG- U95Av2 GeneChip. The anatomic profile of platelet RNAs 
from 3 healthy male donors was determined by using Asymetrix 
software. Of the 12 599 probe sets imprinted onto the chip, a 
maximum of 2J47 (17%) transcripts were compntal tonally identi- 
fied as ' present*' by Ihe Affymetrix software, 152 (1.2%) were 
equivocal, and nearly 82% were absent. As a fraction of the total 
genes present on the chip, the percentage of platelet-expressed 
genes (J5%-J7%) was generally lower than that obtained from 
other human cell types in which 30% to 50% of genes are present as, 
determined by Affymetrix software (J. Schwedes, personal commu- 
nication, May 2002). The "limited number" of platelet-expressed 
transcripts presumably reflects the lack of ongoing gene transcrip- 
tion in ihe anucleate platelet. Because less than 1% of circulating 
red blood cells contain residual RNA, it is unlikely that any of these 
transcripts are erythrocyte derived, although this was formally 
addressed by isolating total cellular RNA from 20 inL of whole 
blood (corresponding loan -3- log fold excess of erythrocytes than 
that identified in our final sample). The total cellular yield of RNA 
from this starling material was approximately 250 ng. suggesting 
that less than I 11c erythrocyle-derived RNA was present in the 
purified platelet preparations. Despite this., however, both o- and 
p-globin transcripts— along with both the ferritin heavy and light 
chains — were identified as abundant transcripts (Table 2). Al- 
though the most parsimonious explanation would be residual eoncimi- 
rwting reticulocytes, this is not supported by om erythrocyte contami- 
nation estimates, and their significance remains unresolved. 

As a means of belter dissecting the molecular anatomy ol lire 
platelet, expressed genes were grouped on the basis of assigned 
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Tabte 2. Top 50 human platelet-expressed genes 


/^LCtoMtJJl no. 






f _ fiHA ftp. -i rif r*w* A 

vpone uanscnprj 


Leukocyte expression} 


M17733 


TMSB4X 


140142-307 852 


Thymosin 84 mRNA. complete cds 


+ 


X99076 


NRGN 


101 510- U& 279 


Neiirogranin gene 




M25079 


HBB 


40 839-229 556 


0-gtobin mRNA, complete cds 


+ . 


M25915 


ClU 


84 720-140 246 


Complement cytofysis inhibitor (chisterin) complete cds 


- . 


J04755 


FTKP1 


82 980-148 621 


Ferritin H processed pseudogeno, complete cds 


- 


D78361 


0A21 


73 098-118 140 


mRNA for ornithine decarboxylase anlizyme 


- 


X04409 


GNAS 


77 761-94 781 


mRNA lor coupling protein G{s) o-subonit (alpha-Si) 


- 


M25897 


PF4 


62811-126 908 


Ptalelet factor 4 mRNA. complete cds 


- 


AB021288 


B2M 


61689-108 921 


p2-rmcroglobuJin 


-* 


X00351 


ACT8 


25143-73 775 


mRNA for p-aclin 


— 


D2I261 


TAGLN2 


76 687-101931 


mRNA for KIAA0120 gene - 




AL031670 


FTLL1 


69 865-99 966 


Ferritin, fight polypeptide 1 


• • + 


U59632 


GPItB 


41 404*110 328 


Platelet glycoprotein R>B chain mRNA 


_ 


M21121 


CCL5 


47 308-106 399 


T-cell-spectfic protein (RANTES) mRNA, complete cds 





X13710 


GPX1 


41 318-96 878 


UnspSced mRNA for glutathione peroxidase 


_ 


J00153 


HBA1 


21 326-144 201 


Alpha gtobin gene cluster on chromosome 16 


+ 


M22919 


MYL6 


46 337-106 833 


Nonrrruscte/srnooth muscle alkali myosin fight chain gene 


■f ■ 


L20941 


FTH1 


52 787-74 763 


Ferritin heavy chain mRNA, comptelo cds 




J03040 


SPARC 


51 156-74 261 


SPARC/osteoneclin mRNA complete cds 




X56009 


GNAS 


45 543-72 096 


GSA mRNA for a subunit of GsGTP binding protein ' 




X58536 


HLA 


31 183-82 613 


mRNA tor major HLA class 1 locus C heavy chain 


+ 


M54995 


PPBP 


46 571-67 169 


Connective tissue activation peptide III mRNA 




U34995 


GAPO 


35 095-70 250 


Normal keratinocvte substruction Mbrarv mRMA rlnne H?9a 


r 


L40399 


MLM3 


32 107-73 364 


Clone zap112 (mutL protein homolog 3) mRNA 




X77548 


NCOA4 


31452-61 036 


cONA tor RFG (RETproto-oncogene RET/P7C3) 




U90551 


H2AFL 


35 086-51 892 


Histone 2A-like pr olein (H2A/1) mRNA 




Ml 1353 


H3F3A 


31614-55 813 


H3.3 histone class C mRNA 




Z 12962 


RPL41 


36 003-54 853 


' mRNA tor homologue to yeast ribosomal protein L4 1 




X06956 


TUBA1 


20.988-61 798 


HALPHA 44 gene lor o-tubufin 




AB028950 


TLN1 


24 571-58 611 


mRNA (or KIAA 1027 protein 




Y12711 


PGRMC1 


33 6MM3 174 


mRNA for putative progesterone binding protein 




Ml 627 9. 


M1C2 


30 894-48 166 


Integrated membrane protein (MIC?) mRNA 




D78577 


YWHAH 


. -24 785-50 437 


Brain 14-3-3 protein p- chain 




AF070&8S 


10P3B 


20 027-67 945 


Clone 24675, unknown cDNA 




AA524802 


Unknown 


23 846-39 481 


CDNA. IMAGE clone 954213 




AB009010 


UBC 


28 745-38 389 


mRNA for poryubipuilin UoC 


+ • 


X57985 


M2AFQ 


2 1 678-5? 108 


Genes loi htslones H2B. 1 and H2A 




X54304 


MLCB 


25 733-34 109 


mRNA lew myosin regulatory fight chain 




M 14539 


F13A1 


23 691-48 474 


Factor XIII subunil o -polypeptide mRNA; 3* end 




AI540958 


L/nKi»own 


24 872-41 118 


cDNA. PEC 1 ?_ l5_HOI.r 5' end/clon 




AL050396 


FLNA 


13 634-55 235 


cDNA DKF7p586K1720 




X 56841 


HLA-E 


12 890-49 327 


Nonctassical MHC class 1 antigen gene 




M26252 


PKM2 


15450-47 786 


7CB (cytosolic thyiotd hormone- binding protein) 




M 14630 


PIMA 


19 314-45 088- 


Piolhymos'm alpha mRNA 




AF 045229 


RGStO 


19 156 34 243 


Regulator ot G piolein signaling 10 mRNA 




AA477898 


Unknown 


16 663-44 756 


cDNA.Z&34l08.rt5'end 




X95404 


FU 


15 216-37 456 


mRNA tor nonmuscle type cofihn 




M34480 


0 GA2B 


8 627-45 495 


Plalelel gtycoprolein lib tGPHb) mRNA 




283738 


H2BFE 


18 001-31 306 


HH2B/e gene 




L 19779 


H2AF0 


17 319-38 951 


Histone H?A 2 mRNA. complete cds 





'Gene wpiessinn nuanl illations we»e calculated as the overage difference (AD) value Imalched versus mismatched oligonucleotides) lor each piobe sel using Attymetrtx 
GeneChip soltwa.e. version 4.01. The range ol values from 3 distinct plalelel inkioannys is shown; the normalization value tot all microanay analyses was 250. 

ftranscrrpis ate rank-wdered (niohesl to lowest) using HRB-ArrayToots software by log intensifies ol AO values obtained from 3 dtfferenl healthy donors: 33 ot the top 40 
It Dnscr ipls wqxv. tilled among the lop 50 in all 3 micr oar ray .sets, 

UeiAocyle opiession was delennined by mitroarray analysis using purified peripheratbtood'leukocytes. followed by construction ol rank- intensity plots tor comparison to 
platelet lop 50 rrnnr.cripls/Mop leukocyte-derived transcript*, identified within the ranked top 50 piaietel transoipls are depicted by a ( ♦ ) present, or f- ) absent, 
cds indicates cod>ng sequence 



^enc niinoUi ioti5.. ;ind ihb .mnlvsis w:is ttscd to ptovitlc a pnn- 
ot;iinic tK-ltniiiun ot the pl::le)t.'l iransctipionie.-OI" ihe jtencs that 
cotild be c;ii:iIolh*(J within ,nssii;ne<l "clusters." those involved in 
ineinbolism ()J%) and lecepior/sipnaling (1J%) repiescntcd ihc 
largest croups. Also evident in these analyses is the teJmiveJv laice 
pet co) inge of yenes involved in funciions unt elated to ihese key 
groups tie. miscelhmeoirs. 25%), and the ovcrrept eientation of 
genes wiih unknown tunciion (37%) as nnnoi.ited by Afryineiiix 



and RcfScq databases. 71 These tesulis identify a vast array (nearly 
one half) ot platelet genes land gate products) thai ptestimably 
have important, but poorly characterized functions, in platelet 
and-'oi megakaryocyte bioloey. 

Although tntcroatray analysis is not tmlv qnaniiiative. rank- 
oidennij using the mean Jog- inlensilies fiom 3 independent micioar- 
ray analyses allowed foi the categorization o( ihc lop platelet 
nanscripis (Table 2). Computational analyses demonstrated thai 
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only 30 of the top 100 genes were discordant among the 3 platelet 
microarrays, although 71 of 100 genes were discordant between 
platelet and leukocyte arrays. An inventory of the top 50 platelet 
genes is listed in Table 2, which also delineates those found to be 
highly expressed in peripheral blood leukocytes by parallel microar- 
ray experiments with this purified cellular fraction (data not 
shown). Further analysis of these cell subsets demonstrated that 
approximately 25% (n - 547) of the total platelet transcripts were 
platelet restricted. Furthermore, only 10 of the 50 most highly 
expressed genes were found to overlap, confirming the distinct 
cellular profiles of each transcript ome. Of the 12 overlap genes, 3 
corresponded to globin or ferritin chains (again suggesting the 
presence of contaminating reticulocytes in both purified fractions), 
and another 4 were involved in act in cyloskeletal reorganization 
and human leukocyte antigen (HLA) expression, gene products that 
regulate critical functions in both cell types. Given the importance 
of cytoskelelal reorganization in downstream platelet activation 
events, it is not unexpected that components of the ac tin machinery 
system would demonstrate prominent transcript expression. Previ- 
ous estimates suggest that 20% to 30% of the total platelet 
proteome is comprised of actin with other components such as 
actin- binding protein, mysosin, and lalin accounting for an addi- 
tional 2% to 5% of (he total protein. 1 " The inRNAs encoding the 
actin-related machinery are overrepresenled in . our microarray 
analysis, with 8 such transcripts found among the 50 highest 
platelet-expressed genes. Interestingly thymosin 04 demonstrated 
the highest expression pattern. In unstimulated platelets, 30% to 
40% of actin is polymerized as F-aclin, 27 whereas the balance of 
net in monomers (G-actin) are polymerization inhibited by seques- 
tering proteins such as profilin (J 00 pM) and thymosin 04 (600 
u.M). w The high thymosin |34 tianscript expression not only 
correlates with its known abundance in platelets but also supports 
the importance of actin inhibitory proteins in maintaining the 
nonstimulated state of circulating platelets. 

Platelet SAGE analyses 

Although these initial studies identified the distribution and relative 
expression patterns of the genes within the Affymetrix data sct ; 
they do not allow for analyses of genes that arc unrepresented by 
these oligonucleotide chips. Unlike closed microarray profiling 
strategies, SAGE is an open architectural system that is ideally 
suited for novel gene and pathway identification. Accordingly, the 
platelet RNA used for microarray studies was used for platelet 
SAGE. A tola) of 2033 tags were initially cataloged, of which J 800 
(89%) corresponded to mitochondrinl-derived genes. These results 
were quite different from those obtained by microarray analyses, 
but the discrepancy can be resolved by the nonicpresentntion of the 
mitochondrial genome on the gene chip. The mitochondrial ge~ 
noine is a compact approximately 16.6-kilobasc (kb) sequence 
encoding 13 genes and 2 ribosomal mi bun its - s Primary mitochon- 
drial transcripts arc polycislionic and typically contain premnnuc 
termination or unpredictable splice sites, resulting in multiple 
polvadenybted transcripts from individual genes. ?J - :> Indeed, the 
overall distribution of platelet- derived mitochondrial SAGE l;igs is 
quilt- similar to that fowm) in muscle. 31 All 13 genes containing 
A'/Vdll sites were detected, whereas neither of the non-A'toJH- 
containing genes were identified (nicotinamide adenine dinucleo- 
tidc [NADU] dehydrogenase subunit -U and adenosine li [phos- 
phatase |ATPasc]"S). Most of the tags were from the I 6S and 12$ 
ribosomal RN As— which collectively accounted lor 68% of the 
total mitochondrial lags — wiih the fewest tags represented by 
NAOH dehydrogenase submits 3. 3. (>. and cytochrome c oxidase I 
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Figure 3. Schema ol the mitochondrial genome with SAGE tag distributions 
(only tags with identical matches are displayed). The abundance of the SAGE 
togs (n ~ 1800) at individual Mailt sites (arrows) within the rniiochondrial ftoavy 
strand is shown on the bottom, whereas those tags corresponding to the mitcrchon- 
drial light strand are delineated above the arrows (the presence of an unaccompanied 
arrow implies no SAGE tags at that Mailt site). The gone products of mt-DNA 
(RefSeq accession no. NC_O0tBO7) are delineated by the open rectangles, whereas 
stippted boxes represent tFtNA genes and control regions (the single tag represented 
by the [•) refers to mitochorxlnal transfer RNA-setino). Mote that NADH6 is encoded 
by the fight strand and that there are no MaJII sites within the ATPaseB gene segment. 
COJn), cytochrome c oxidase subunit; Cyl b. cytochrome b. 

(Figure 3). The NADH dehydrogenase subunit 6 RNA is the only 
mRNA encoded by the light (L) strand of mitochondrial DNA and 
was the least abundantly detected transcript. 

The . unusually high preponderance of mitochbndrial-derived 
genes is not inconsistent with the known enrichment of these 
genomes in human platelets,'- 34 and presumably reflects persistent 
transcription from the mitochondrial (ml) genome in the absence of 
nuclear-derived transcripts. This ovexrepresentation of mtDNA in 
platelets is considerably greater than thai of its closest cell type 
(skeletal muscle), in which mt genomes represent approximately 
20% to 25% of all SAGE tags. 25 Interestingly, the energy metabo- 
lism of platelets is not dissimilar from that of skeletal muscle, both 
cell types actively using glycolysis and large amounts of glycogen 
for ATP generation. 16 Like muscle, platelets are metabolically 
adapted to rapidly expend large amounts of energy required for 
aggregation, granule release, and clot retraction. Similar to the 
situation in all eukaryolic cells, platelet mitochondria represent the 
primary source of ATP, which is generated from oxidative phosphor- 
ylation reactions occurring within these organelles. Mitochondria 
are also responsible for most of the toxic reactive oxygen species 
generated as by-products of oxidative phosphorylation and are 
central regulators of the apoplotic process in other cellular types. 
The mtDNA encodes polypeptides found within 4 of the 5 
multifunctional complexes th3t regulate oxidative phosphorylation 
within the platelet mitochondria. 77 Whether the continued genera- 
tion of these polypeptides has a role in platelet energy metabolism 
and/or the apoptotic mechanisms regulating platelet survival re- 
mains speculative, although not inconsistent with our observations. 

Comparative analysis of SAGE and microarray 
transcript abundance 



Complete SAGE libraries require the sequencing of up to 30 000 
tags for an exhaustive cataloging of individual mRNAs, especially 
those with limited copy numbers. ,J - ? Given the preponderance of 
mt- derived transcripts, comparable sampling would have required 
sequence analysis of nearly 300 000 SAGE lags, an inordinate 
number for comprehensive analysis of the platelet iranscripiome. 
l or platelets, alternative methodologies incorporating subtract ive 
SAGI: will be required for more comprehensive transcripl profil- 
ing.' 0 Our initial sampling of mmmitochondria) genes remains 
informative, however, and entirely consistent with, the results of 
platelet microarray Mudie.v As .shown in Table 3, SAGE lags lot the 
genes encoding thymosin ftf, [^-microglobulin, neurograniir, and 
the platelet glycoprotein Ibp polypeptide were among the most 
frequently identified platelet genes, similar to the rank-ordered 
results deter mined by microanay analysis. To formally confirm the 
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Table 3. SAGE-identified norwmtochondriat lags 



Frequency 


CATG ■+ SAGE lags* 


Accession no t 


Gene , 


Microorrayt 


26 


GTT GT GGTT AAT CT GGT 


NM_004048.1 


p2-microglobufin (B2M). mRNA 


PPP 


2t 


T TGGTGAAGGAAGAAGT 


NM_021 109.1 


Thymosin B4 ; X chromosome (TMSB4X). mRNA 


P 


B 


AGCT CCGCA6CCAGGT C 


NM_002620.1 


Plalelel TdcIot 4 vafian! HPF4VI); mRNA 


9 


8 


AGCTCCGCAGCCGGGTT 


NM_002619.1 


Platelet factor 4 (PF4), mRNA 


P 


7 


TGTATAAAGACAACC7C 


NM_ 002704.1 


Proptatetet basic protein (fVlhrombOQlobufin) 


Pp 


5 


GGGCAC AAT GCGGTCCA 


NM_000407.1 


Glycoprotein Ibp potypeplide. mRNA 


P 


3 


AGGTAATAAAAGGTAA7 


NM_ 003612.1 


H2A nislone lamrfy, member L (H2AFL), mRNA 


P 


3 


AG7 GGCAAG7 AAATGGC 


NM_02 1014.2 


Cofflin 2 (muscle) {CFL2)„ mRNA 


N/A . 


.3 


7 GACT GTGCT GGGTTGG 


NM_006 176.1 


Neurograrun (protein kinase C substrate. RC3) mRNA 


P 


3 


TT GGGGTT7CCTTT ACC 


NM_002032.1 


Ferritin, heavy polypeptide 1 (FTH1), mRNA 


P 


2 


CCCTTGTGACTACCTAT 


NM_025 158.1 


Hypothetical protein FU22251 (FLJ22251), mRNA 


N/A 


2 


CCTGTAACCCCAGCTAC 


NM_032779.t 


Hypothetical protein FLJ1 4397 (FL J 1 4397). mRNA 


N/A 


2 


CTT GTAGTCCCAGCTAC 


NM_017962.1 


Hypothetical protein FLJ20825 (FLJ20825), mRNA 


N/A 



Unique tags identified more than once. 

1 Refers to the RelSeq accession no." Note that this number does not necessarily correspond to the accession no. provided by Aflymetrix software annotations (Table 1). 

^Presence (P) or absence (A) is based oh resulis from 3 distinct platelet microarray experiments. CapilaBzed *P" designates a gene that is in the top 50 on aU 3 miooanay 
experiments, whereas smalt V designates those transcripts not in the top 50. Two ol the genes (02-rrriqogJobuIin and ^tnromboglobufin) at e represented by 3 and 2 probe 
sets, respectively, on the HG-U95Av2 gene chip; for p2-M, all 3 probe sets were in the top 50 genes, whereas for thymosin 04 1 of 2 was in. the top 50 tor all experiments (the 
other piDbe set was in the top 75 tor all experiments). N/A indicates ofigonuctootide not present on Atfymebb HG-U95Av2 gene chip. 



results independently obtained by SAGE and microarray analysis, 
quantitative RT-PCR was completed by using oligonucleotide 
primers specific for 2 abundant mitochondrial transcripts, 16S 
rRNA and NADH2 thymosin p4 (high-abundance by microarray 
and SAGE), 2 incompletely characterized high-abundance tran- 
scripts (neurogranin and clusterin; see "Protein immunoanalysis of 
platelet clusterin and neurogranin"), a low-abundant transcript 
(T-cell receptor fj-polypeptide), and the genes encoding proteins 
with well-established quantitative determinations (ie, glycoprotein 
ctnnP} [—50 000 receptors/platelet]; protease-aclivated receptor- J 
(PARI) [~ 1 800 receptors/platelet)). 1 As shown in Figure- 4, these 
analyses reveal excellent concordance between SAGE and microar- 
ray studies, demonstrating the predominant frequency of the 
mitochondrial-derived J6S rRNA/NADH2 transcripts., with incre- 
mentally lower expression of other transcripts as initially demon- 
strated by microarray (1 6S > NAD* 12 > thymosin (}4 > neurogra- 
nin > clusterin > «, irj p, > PAR I > TCR0). 

Given the small number of nonmitochondrial SAGE lags 
available for analysis (n = 233), limited conclusions can be drawn 
using traditional (nonsubtraction) platelet SAGE libraries as pre- 



r 

2? 




Frgmp 4, Ouanlilat'tvp ic.tMtrnc RT-PCR analysis of ptolelrt transcripts. Real- 
lime RT-PCR /j3s tnmplott'rf by usinn punbed platelet RNA and oligonucleotide 
prime* pairs specifically dt'.signed usiny PnmeO syftware lo generate simrlsily- sized 
(—200- bp J RCR products. 0(!timi:ed lo INO tame onncating temperature. In graph. 
(□) represents llti. |BJ r ep»e:on)s Ma. if-p<eM.'nl$ PARI, (A) lepresents t&S 
iRNA, (CJrepierenls NADU?. ( ») iep» even's thymosin, (O) represents clusterin. ( ♦ ) 
repiesenls nemo<)rarii», an J (•} 'ep'fcsc-nis TCR[i Curves are representative ol one 
complete sft of t*> penmen Is (lepealeit twice i, anU line plots reflect aver aye 
dote i rnina linn; tn.it n 3 wr.V.s rjtMlornied in pn<;jHp' vnlh SF.U less than Tin lor &II 
clnla points. 



sented here. Overall, a total of 126 unique tags were identified, the 
majority of which (94) were represented only once. Of the totaJ 
unique tags, neariy one half represented novel genes hot present on 
the Aflymetrix U95Av2 GeneChip. Of the genes with unique tags 
identified more than once, there was excellent concordance with 
microarray expression analysis, with nearly all of the SAGE tags in 
Table 3 corresponding to platelet top 75 microanay transcripts. The 
platelet factor (PF) 4 variant represents a single aberration because 
this was rank-ordered approximately 350 by microarray, although, 
its SAGE tag frequency was identical to that of the predominant 
PF4 transcript. The lack of extensive nonmitochondrial SAGE 
sampling precludes any further extrapolations from this apparent 
aberration. Of note, a subset of ihese lags had long poJy(A) tracts; 
although they all corresponded to genes identified in the RefSeq 
database. 7i We cannot exclude the possibility of a SAGE artifact 
for this small subset of. tags (—2%, representing 46 of 2033 tags), 
although the authenticity of the vast majority of tags (—98%) 
clearly validates the methodology. These tags are most likely 
explained by the unique biology of the platelet (ie, mRNA decay in 
the absence of de novo transcription) or to mRNA degradation 
occurring during the extensive purification methods. In summary, 
even with a remarkably limited sampling, the power of this 
approach in gene identification of relatively abundant and less 
abundant transcripts is evident. It is clear, however, given the 
unique molecular anatomy of the platelet (ie, abundance , of 
mitochondrial transcripts), that SAGE adaptations will be required 
for tnore comprehensive genetic profiling. 79 

Protein immurioannlysis of platelet clusterin and nenroyranin 

Although most of the "most abundant" transcripts would conform 
to n priori predictions for platelet-expressed mKNAs, a number of 
transcripts were identified that had been poorly characterized in 
human platelets. To further establish the authenticity of highly 
expressed transcripts such as clusterin and neurogranin, confirma- 
tory protein analyses were completed. As shown in Figure 5, both 
proteins weir clearly delected in purified platelet Jysates; furthei- 
nioic. their cellular platelet distributions conformed to those 
predicted based on previously proposed functions. Note for ex- 
ample that clusterin — functionally characterized as a complement 
Ivsis inhibitor able to block the terminal complement reaction — is 
primarily expressed on the extracellular plate lei membiane. J " 
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Figure 5. trrwmmoanarysis of platelet neuxogranin and 
ctustcrin. (A-O) Gef-fittered ptototofe were eflher fixed n 
3,7% fbrniaWehycte (nonperrnoabfeed) or feted with pernio- 
abifaation In the presence of 0. 1 % TnWx, foflowed by new 
cytometric analysis ir»tng 3rri>dusterin. 3nl> Hb/llto, « anlinou- 
rogranin antibodies and the FITC-conjugated species- 
specific secondary anboody fin. C, the FrTOconjufptod 
anSrabbil and antimouse controls are' essentially superim- 
posed). (iz-F) Ten micrograms of sotubfced HcpG2 ccte 
{hepatocyte ceA tine), tiuman trzx\ or purified ptatetet lysates 
were analyzed by SDSPAGE,". end immunoblct analysis 
were completed by using t: 1000 options ol either anfe>euro- 
yanin (18% SDS-PAGE) or antidusterin {8% SDS-PAGE) 
antibodfes. The antidusJorin anybody recognized 2 platelet 
irnrnunoreactive species under, shorter exposure. Although 
the relative neurograrm and cfeisterih protein Dbundances 
are suboptimalty quantified by these, arbryses, ptetefet dus- 
rerin appears to demonslrate cxxisktcrabto expression when 
compared with that previously identified in hopatocytes. 3 ! 



Given the importance of complement activation in platelet destruc- 
tion, the prominent expression of cell-surface clusterin might 
suggest a role for this protein in normal and pathologic events 
regulating platelet survival. Interestingly, a clusterin-deficient 
knockout mouse has been generated that demonstrates enhanced 
cardiac dysfunction in a model of autoimmune myocarditis. 3 1 
Although these mice apparently have normal baseline hemograms 
(B. Aronow, personnl communication, October 2002), it remains 
unestablished if they would be predisposed to immune- type 
thrombocytopenia in systemic models of autoimmunity. 

Similarly, the gene encoding an intracellular effector protein 
that may have key roles in downstream platelet activation events 
has now been demonstrated to have abundant transcript expression 
in human . platelets. Neurogranin is a highly expressed platelet 
transcript with its gene product demonstraling a primarily intracel- 
lular pattern of distribution. Neurogranin is generally described as a 
brain- specific. Ca ? 4 -sensitive calmodulin- binding pbosphoprotein 
thai is preferentially expressed in neuronal cell bodies and den- 
drites. 51 - 13 1 1 is a specific protein kinase C (PKC) substrate that can 
also be modified by nitric oxide and other oxidants to form 
intramolecular disulfide bonds. Both its phosphorylation and 
oxidation stale attenuate its binding affinity for calmodulin. 33 In 
stimulated platelets, PKC generation is linked to various activation 
pathways such as calcium-regulated kinases, milogen-activated 
protein (MAP) kinases, and receptor tyrosine kinases. 1 Thus, these 
observations suggest thai platelet neurogranin may function as a 
previously unidentified, component of a PKC- dependent activation 
pathway coupled lo one (or more) of these effector proteins. 



Discussion 

These data provide documentation for a unique platelet mKNA 
profile thai may provide a tool for analyzing platelet molecular 
networks. Nonetheless, the molecular analysis of the platelet 
Iranscriptome mav be confounded by the constant decay of 
mRNAs i)» I he absence of new gene transcription, a situation that 
mav. for c.\;imp!c. limit the identification of low- abundance 
transcripts. Similar h\ because the circulating platelet pool contains 



a mixed population of variably aged platelets, a "static** mRNA 
profile represents an average of this heterogeneous blood pool. 
Despite these potential limitations, the combination of genomic 
and proteomic technologies are likely to provide powerful tools for 
the global analysis of platelet function. Current strategies for 
cataloging "whole cellular proteornes" are generally accomplished 
by using 2 developing methodologies:,( I) high resolution 2-dimen- 
sional polyacrylamide gel electrophoresis (2-DE) with mass spec- 
tTomerric sequence identification, 34 and (2) mtcrocapillary liquid 
chromatography with tandem mass spectrometry (pXC-MC/ 
IvlC). 35 Further modifications of both procedures have been devised 
for direct comparative studies between 2 cellular proteornes. The 
introduction of 2-DE differential gel electrophoresis has now made 
it possible to detect and quantify differences between experimental 
sample pairs resolved on the same 2-dimensional gel. 36 Likewise, 
the application of isotope-coded affinity tags to U.LC-MC/MC 
represent a novel means of quantitative analyses between cellular 
proteornes. 37 The success of both approaches relies on the availabil- 
ity of comprehensive genomic databases and mathematical algo- 
rithms for optimal protein identification. Indeed, mathematical 
modeling studies have demonstrated the need to delineate both 
protein and mKNA expression levels for optimal definition of 
intracellular networks. 38 Our data present an initial framework for 
delineating platelet function by defining the molecular anatomy of 
human platelets, information that is likely to provide imporianl 
clues into the dynamic protein interactions regulating normal and 
pathologic platelet functions. Furthermore, because the platelet 
transcriptome mirrors the mRNAs derived from precursor 
megakaryocytes, these analyses may provide insights into the 
biochemical and molecular events regulating megakaryocytopoi- 
esis and/or proplatelei formation. 
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Overexprcssion of a DEAD box protein (DDX1) in neuroblastoma and 
retinoblastoma cell lines. 

Godbout R. Packer M . Bie W . 

Department of Oncology, Cross Cancer Institute and University of Alberta, 1 1560 
University Ave., Edmonton, Alberta T6G1 Z2, Canada. 

The DEAD box gene, DDX1, is a putative RNA helicase that is co-amplified with 

MYCN in a subset of retinoblastoma (RB) and neuroblastoma (NB) tumors and cell lines 

Although gene amplification usually involves hundreds to thousands of kilobase pairs of 

DNA, a number of studies suggest that co-amplified genes are only overexpressed if they 

provide a selective advantage to the cells in which they are amplified. Here, we further 

characterize DDX1 by identifying its putative transcription and translation initiation sites 

We analyze DDX1 protein levels in MYCN/DDX 1 -amplified NB and RB cell lines using 

polyclonal antibodies specific to DDX1 and show that there is a good correlation with 

DDX1 gene copy number, DDX1 transcript levels, and DDX 1 protein levels in all cell 

lines studied. DDX1 protein is found in both the nucleus and cytoplasm of DDX1- 

amplified lines but is localized primarily to the nucleus of nonamplified cells. Our results 

indicate that DDX1 may be involved in either the formation or progression of a subset of 

a™ 1 RB ^'"ors a » d suggest that DDX1 normally plays a role in the metabolism of 
RNAs located in the nucleus of the cell. 
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Lcydig a c clk ° f 8api " acH0n mcdiated intercellular communication in TM3 
Institute of BiopUysics Carlos Chagas FiUio, UFRJ, Brazil. 

.™?r e vd^cln i0n f i i T ab iu- " icatio « vi. gap junctions was investigated 
elisor d^tl t ' UndC f r '° W and hl & conflu ^ *** and upon treatment of the 
S^S^n fl aCt,V2t0rS ° f Pr0tei " kinaSC A ^ P rote ''n kinase C 

dvScSer YH n °° ^ ^ C0Uph * 85 detelmined by transfer of the 
dye Lucfer Yellow; on reaching confluence, the cells uncoupled. Western blots and RT- 
PCR revealed that connexin 43 (Cx43) was abundantly expressed in TM3 Leydiglelf 

o^PKcTn^T r dCCreaSed 3fter thC Cd,S achieved StimulaSnof "Lv 

or PKC mduced a decrease m cell-cell communication. Staurosporin an inhibitor of 
prote m ^ ^ was ^ J^^S^^? 

a ?r^ d f^^ 

SS^eXT^ f 43 r ,0Ca ! iZed 10 ^eteHs 
31? T Tf y c y to P |asm -w««n «"* were uncoupled. In addition 

St^lf?" 1 *" membrane labding f ° rCx43 ' whereas ^urosporin 
increased ,t These data show a strong correlation between functional coupling and the 

£^1n^T^° b -^ ™ 3 Ce,1S " Furth <™> increased testosterone 
nT^T P ° nSe ° ,Uteln,zul g hoi ™ n e vvas accompanied by a decrease in 
mtercel ulaxconunumcation, suggesting that gap junction mediated coupling may be a 
modulator of hormone secretion inTM3 cells. p'mgmayoea 
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Expression level of Ubc9 protein in rat tissues. 
Golcbiowski F, Szutc A, Sakowicz M . Szutowicz A . Pawelczvk T 

Department of Molecular Medicine, Medical University of Gdansk, 80-211 Gdansk 
Poland. ' ' 

Ubc9 is a homologue of the E2 ubiquitin conjugating enzyme and participates in the 
cova ent hnbng of SUMO-1 molecule to the target protein. In this report we describe a 
simple and efficient method for obtaining pure human recombinant Ubc9 protein The 
punfied Ubc9 retained its native structure and was fully active in an in vitro surnoylation 
assay with the promyelocyte leukaemia (PML) peptide as a substrate. In order to better 
understand the physiology of Ubc9 protein we examined its levels in several rat tissues 
lmmunoblot analyses perforaied on tissue extracts revealed quantitative and qualitative 
differences in the expression pattern of Ubc9: The Ubc9 protein was present at a high 
level m spleen and lung. Moderate level of Ubc9 was detected in kidney and liver Low 
amount of Ubc9 was observed in brain, whereas the 1 8 kDa band of Ubc9 was barely 
visible or absent m heart and skeletal muscle. In heart and muscle extracts the Ubc9 
antibodies recognized a 38 kDa protein band. This band was not visible in extracts of 
other rat tissues. A comparison of the relative levels of Ubc9 mRNA and protein 
indicated that the overall expression level of Ubc9 was the highest in spleen and lung In 
spleen, lung, kidney, brain, liver and heart there was a good correlation between the 1 8 
kDa protein and Ubc9 mRNA levels. In skeletal muscle the Ubc9 mRNA level was 
unproport.onally high comparing to the level of the 18 kDa protein. The presented data 
indicate that in the rat the expression of the Ubc9 protein appears to have some degree of 
tissue specificity. ■ &» 
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ABSTRACT 

Motivation; Protein abundance is related lo mRNA 
expression through many different cellular processes. 
Up to now, there- have been conflicting results on how 
correlated the levels of these two quantities are. Given that 
expression and abundance data are significantly more 
complex and noisy than the underlying genomic sequence 
information, it is reasonable lo simplify and average them 
in lerms of broad proleomic categories and features (e.g. 
functions or secondary structures), lor understanding their 
relationship. Furthermore, it will be essential to integrate, 
within a common framework, the results ol many varied 
experiments by different investigators. This will allow one 
to survey the characteristics of highly expressed genes 
and proteins. 

Results: To this end, we outline a formalism for merging 
and scaling many different gene expression and protein 
abundance data sets into a comprehensive reference 
set, and we develop an approach for analyzing this in 
terms of broad categories, such as composition, function, 
structure and localization. As the various experiments are 
not always done using Ihe same set of genes, sampling 
bias becomes a central issue, and our formalism is 
designed to explicitly show this and cor reel tor it. We apply 
our formalism lo the currently available gene expression 
and protein abundance data lor yeast. Overall, we found 
substantial agreement between gene expression and 
protein abundance, in terms of the enrichment ol structural 
and functional categories. This agreement, which was 
considerably greater than ihe simple correlation between 
these quantities tor individual genes, i effects the way 
broad calegoiies collect many individual measurements 
into simple, robusl averages. In particular, we found 
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that in comparison to the population of genes in the 
yeast genome, Ihe cellular populations of transcripts and 
proteins (weighted by their respective abundances, the 
transcriptome and what we dub the translatome) were bolh 
enriched in: (t) the small amino acids Vat, Gly, and Ala; 
(ii) low molecular weight proteins; (iii) helices and sheets 
relative to coils; (iv) cytoplasmic proteins relative to nuclear 
ones; and (v) proteins involved in 'protein synthesis/ *cell 
structure,' and "energy production/ 
Supplementary information: http://genecensus.org/ 
expression/transfatome 
Contact: maik.gerstein@yale.edu 

INTRODUCTION 

High throughput experimentation, measuring mRNA 
(Schena el ul, 1995; Eisen and Brown, 1999; Ferea 
and Brown, J 999; Lipshuiz et ni, J999) and protein 
ex pression (A nderson and Seilhamer, 1 997; Fulcher ei nl. , 
1999; Gygi et at., 1999a; Ross-Macdonald et al, J999; 
Lopez, 2000; MacBealh and Schreiber, 2000; Nelson 
et at., 2000; Zhu et ai, 2000) are currently ihe single 
richest source of genomic information. However, how lo 
best interpret this data is si ill an open question (Basset I 
et nl., 1996; Wines and Friedman, J 999; Zhang, J999; 
Gerstein and Jansen, 2000: Searls, 2000; Sherlock, 2000; 
Cfaverie, 1999; Einarson and Golemis, 2000; Epstein and 
Butow, 2000; Shapiro and Hams, 2000). Understanding 
how protein abundance is related to mRNA uanscripl 
levels is essential for interpreting gene expression, protein 
interactions, structures and functions in a cellular sys- 
tem (Halzim.mikalis erol, f 999)- Moreover, as protein 
concentration is the more relevant variable with respect 
10 enzyme activity, ii connects genomics lo rhe physical 
chemistry of the cell (Kidd et aL. 2001). Protein abun- 
dance may also be invaluable for diagnostics and for 
determining drug far gets (Con ha Is ft ol.. 2000). 



(?> Cbtuitf Univ.-dily Pi en. 200? 



S85 



D.Greehboum etah 



Previously, we surveyed the population of protein 
features — such as folds, amino acid composition, and 
functions — in yeast, and other recently sequenced 
genomes (Gerstein, 1997, J998a,b; Gerstein and Hegyi, 
J 998; Hegyi and Gerstein, 1999; Das and Gerstein, 
2000; Lin and Gerstein, 2000), and we extended this 
concept to compare the -population of features in the 
yeast transcriptome to that in the genome (Drawid et 
2000; Jansen and Gerstein, 2000). Others have also 
done related work (Frishman and Mewes, 1997; Tatusov 
et a/., 1997; Jones, 1998; Wallin and von Heijne, 1998; 
Frishman and Mewes, 1999; WoJf et ai, 1999). Here, we 
present a new methodology to compare the features of the 
mRNA expression population with the protein abundance 
population. 

Precise terminology is essential for this comparison. 
Unfortunately, 'proteome* is used inconsistently. Pro- 
teome can logically be used to describe all the distinct 
proteins in the genome {Qi el ol y 1996; CavalcoJi et 
1997; Fey et ot, t J997; Carrels et ai y 1997; Gaasterland, 
1999; Jones, 1999; Sali, 1999; Tekaia et al y 1999; 
Bairoch, 2000; Cambillau and Claverie, 2000; Doolitile, 
2000; Pandey and Mann, 2000; Rubin et ai, 2000) and, 
in (his context, it is equivalent to what others may refer 
to as the coding part of the genome. However, in papers 
on two-dimensional (2D) electrophoresis, it is often used 
to describe the sum total of proteins in a cell, taking 
into account the different levels of protein abundance 
(Shevchenko et al. r 1996; Gygi et aL, 2000a; Lopez, 
2000; Washbum and Yates,. 2000). In an effort to be clear, 
we propose the. term 'translatome' for this second usage 
of proteome. 

With this definition, we are able to refer compactly to 
three different cellular populations. These are illustrated 
in Figure I. . 

(i) We use "the term genome when we refer to the 
population of open reading frames, where each ORJ« 
counts once. 

(ii) We use the term transcriptome when we refer to 
the population of mRNA transcripts. This term was 
originally coined by Velculescn et nl. (1997). Note 
that each ORF may give rise to different numbers 
of transcripts. Consequently, the uanscripiome is 
essentially the same as the genome hut with each 
ORF weighted by its expression level. 

(iii) The next level is the cellulai population of proteins. 
As each protein represents a translated transcript, 
we make an analogy wiih the term iianscriptome 
and use ihe term translatome as described above 
to describe this third population. Thus, the trans- 
latome is a subset of ihe genome wheie each 
ORF is weighted by its associated level of protein 
abundance. 



Note that one could also less compactly call the trans- 
lators a 'weighted proteome.* However, doing so assumes 
one of the two aforementioned definitions of proteome. To 
avoid ambiguity, we studiously avoid the use of proteome 
altogether in the paper. 

Differences between the translatome and the transcrip- 
tome exist given that transcripts from different genes 
can give rise to different numbers of proteins, due lo 
different rates of translation and protein degradation. 
Post- transcriptional modifications further affect the 
translatome. 

In our analysis of the transcriptome and translatome, we 
focus on global protein features rather than the compari- 
son of individual genes. Previous analyses have shown that 
differences between mRNA expression and protein abun- 
dance levels can be quite dramatic for individual genes. 
. This may either be due to the noise in the data or to funda- 
mental biological processes. However, our analyses show 
that the variation between transcriptome and translatome 
is much smaller for global properties that are computed by 
averaging over the properties of many individual genes. 

METHODS 

Da I a sources used 

For our analysis we culled many divergent data sets, 
representing protein abundance and mRNA expression 
experiments and also other sources of genome annotation. 
These are all summarized in Table 1. 

Biases in the data 

The databases that annotate the specific genes may 
not always be accurate (Ishii et <?/., 2000). Gene Chip 
experiments suffer with regard to cross hybridization 
and the saturation of probes. SAGE data degrades for 
lowly expressed mRNAs. 2D gels are unable to resolve 
membrane proteins (approximately 30% of the genome) 
and basic proteins (Gerstein, 1998c; Krogh et ai, 2001). 
In addition, the procedures for identification and quan- 
tification of the protein spots are subject lo. uncertainties 
(Haynes and Yates, 2000). Human biases include the 
lack of low abundance proteins (Fey and Larsen, 2001; 
Gygi et ni. r 2000b; Harry et at. , 2000) and the differences 
between laboratories in sample preparation. Our reference 
expression data set attempts to resolve these problems. 

Data set scaling 

A reference set for mRNA e.^ press ion. With many differ- 
ent mRNA expression data sets available, it is worthwhile 
to integrate them into a single unified reference set with 
the intention of i educing the noise and errors contained in 
the individual data sets and to obtain a unified estimate of 
the normal expression state in a cell. 
Wc adopt an iterative scaling and merging formalism. 
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Fig. 1. Schematic overview of ihe analysis. On ihe left-side we outline the terms we use lo describe the process of gene expression. The 
coding section of ihe genome is transcribed into a population of mRNA transcripts called the 'trahscriplome.' The transcripts in turn are 
translated to a population of proteins; we use the term 'translaiome' for this protein population rather than the alternative 'proteome' because 
the latter term may be confounded with the protein complement of the genome {which is not necessarily associated with a quantitative 
abundance level). 

The matrix in the middle schematically shows an analysis of the three stages of expression. In general, we define a protein 'population' as 
a set of genes associated with a corresponding number of expression or abundance levels ( weights*): In the matrix each row represents a 
weight and each column a gene set. In particular, we differentiate between the mRNA reference expression set (GmRNA - C<>d). which 
essentially covers the complete genome, and the reference protein abundance set (C7r>,oi) which contains the proteins in data sets 2-DE#l and 
2 DE #2 (see Table 1) because the protein abundance set is a significantly smaller subset of the genome. By definition, this subset contains 
only proteins that can be identified by 2D gel electrophoresis and is therefore biased in this sense. The enrichment figures throughout this 
paper, through a comparison of the right- and left-sides of this figure, show the results of the experimental biases of 2D gels on the data set. 
Each pie chart represents a composition of a particular protein feature F (for instance, an amino acid composition) in a population (represented 
by the symbol /i). We can further look at the 'enrichment' of this feature in one population relative to another (represented by the symbol A, 
see Section 'Methods* for an explanation of ihe formalism). 



which we summarize below. We present n more detailed 
review of the methods on our web site. 

We start with the values of one gene chip data set U; 
where / is used ihiongboul as a subscript to denote gene 
number. We then transform the values of the next Gene 
Chip data set X, to Y, with the following non- linear regres- 
sion: min £ ( . {Yi - If;) 7 with y,- = AX? where A and B 
are ihe parameters of the regression. Note that two Gene 
Chip sets may not be defined for the same set of genes, 
so we have to perform the fit only over the genes com- 
mon to both sets. The motivation for scaling ts that the 
dynamic range of observed expression levels varies some- 
what between differ cm daia sels : although cell types and 
growth conditions are very similar. Reasons tor dispar- 
ity may include different calibration procedmes for i elat- 
ing fluorescence intensity 10 a cellular concentration (mea- 
sured in copies of transcripts per cell) or different pro- 
tocols for harvesting and reverse- transcribing the cellular 
mRNA. 

We then merge and average ihe data to cieate a new 



reference set V as follows: 



If Ui and Yi are both defined for °ene ; and — — < « 

Y; 4 Ui 



Then V; = UYi + Ui) 

A. 

Else if only >',- exists, V; = >',- 
Else V) = Ui. 

As presented above, where only one data set has a value 
for the corresponding ORE, we incorporated that value 
and did not exclude it. When both data sets have values 
for an ORE. we averaged the values if they were within 
15% of each other; otherwise, we just stayed with the 
original chip data set U;. We used u — 15% in otder to 
prevent outliers from skewing ihe result. This 15% value is 
a reasonable threshold for excluding outliers though other 
values (e.g. 10 oi 20%) would give similar results (data 
not shown). Oihet data sets are subsequently included in 
the same piocedute. continuing the iteration from ihe new 
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expression values V,. The initial iteration starts with the 
Young Expression Set, as U,, since we have the highest 
confidence in its accuracy. 

The SAGE data (Velculescu et ol % J 997) was not 
included in the above procedure syrce it is of a funda- 
mentally different nature. An advantage of the SAGE 
technology over Gene Chips, is that there is no possible 
signal saturation for high expression levels, as is possible 
for chips (Futcher et a/., 1999). Conversely, SAGE values 
are less reliable for lowly expressed genes since there 
is a chance that one might not sequence a SAGE tag 
corresponding to such a gene altogether. Therefore, if 
after the last iteration, the average Gene Chip expression 
level Vj was both above a certain threshold fi and below 
the SAGE expression level 5/ for the same gene, it was re- 
placed with the SAGE value; otherwise the average Gene 
Chip value was kept. This gave us our final expression 
set >v m R NA . Our treatment of the SAGE data is modeled 
after that in Fulcher et ol (1999), and like them, we used 
0=16. 

This incorporation of the SAGE data into the reference 
data set ensures that the highly expressed outliers are as 
accuraie as possible. 

Rather iban plain arithmetic averaging, this overall scal- 
ing procedure with the a cutoff avoids 'artificial averages' 
thai combine very different values for a particular gene. 
Some expression values might be statistical outliers. In 
addition, it may be possible that the expression levels of 
a variety of genes can only be within mutually exclusive 
ranges or modes, such as when two alternative pathways 
ate switched on or off. Simply averaging these would give 
values that are less representative of the particular mode 
values. This situation is analogous to that in averaging 
togeiher an ensemble of protein structures (i.e from NMR 
structure deieimination). Each structure could be stereo- 
chemically con eel, with all side-chain atoms in predefined 
rotamer configurations. However, an average of all struc- 
tures could yield one thai is stereochemical^ incorrect if 
this involved averaging over particular side- chains in dif- 
ferent rotameric states. 

With regard to our regression analysis, we have investi- 
gated both non- linear and linear fits but found a non-linear 
procedure to be more advantageous. The non- linear rela- 
tionship between different expression data sets perhaps 
reflects saturation in one or more of the Gene Chips — not 
an uncommon phenomenon. This non-linenriiv is imme- 
diately evident on scatter plots of two data sets against 
one another (see website). Accordingly, the non- linear 
fit produces a smaller residual than the line;n fit: 98 297 
(non- linear) veisus J 22 182 (linear) for the .scaling of the 
Church data set and 39 823 (non linear) versus 67-162 
(linear) for the Samson data set. 



A reference set for protein abundance. We followed a 
similar procedure to calculate a reference protein abun- 
dance set from the two gel electrophoresis data sets. We 
first scaled the two data sets against the mRNA expres- 
. sion reference data set, getting regression parameters Cj 
and Of. 

i ■ 

where the subscript j indicates the data set 2-DE #1 or 
2-DE Wl respectively; Pjj is the protein abundance value 
in data set j t and w m KNA t i the corresponding reference 
expression value, and Cj and Dj are the parameters of 
the non-linear regression. 

Using these parameters, we transformed the values of set 
2-DE #2 onto 2-DE #J. Then we combined both sets into 
the reference protein set \ypr 0l by averaging them, if both 
values existed. Otherwise, by using the existing value, viz; 

" — (tr 

u/piou'-= (Pij + £?u)/2 if both Pi j and Q {2 exist. 
Else if only P iml exists, wj> fiH j = p i j 
Else if Qi ^ exists, wp, nu = Q i 2 . 

Enrichment of features 

Formalism. In the next part of our analysis, we want 
to group a number of proteins together into various 
categories based on common features and characterize 
those features thai are enriched in one population relative 
to another, i.e. the translatome population of proteins 
as measured by 2D gels relative to the iranscriptome 
population of transcripts or the genome population of 
genes. To this end, we set up a formalism that could 
be applied universally to all the attributes that we were 
interested in. Due to the limitations of the experiments, 
the translatome, iranscriptome, and genome populations 
are defined on different sets of genes, and sometimes we 
want to remove this 'selection bias' by forcing them to be 
compared on exactly the same set of genes. This is a key 
aspect of our formalism as presented in Figure I. 

We call an entity like |w, G) a 'population/ where G 
is a set describing a particular selection of genes from the 
genome and w is vector of weights associated with each 
element of this population. In particular, we focus on three 
main populations here: 

(i) |J. Gofn] is the population of genes in the genome, 
all 6280 genes weighted once (w — .1); 

(ii) I "mRNA: GpnRNA] is the observed population of the 
transcripts in the tianscripiomc. i.e. the 6249 genes 
in the reference expression set weighted bv their 
reference expression value: 
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(Jii) [wp rol , Gp IO ,J is the observed cellular population of 
the proteins in the translatome, i.e. the 181 genes 
in the reference abundance set weighted by their 
reference abundance value. 

(The set of genes in the genome Gccn is approximately 
equal to the genes in set G m RNA, such that we can use 
both symbols interchangeably.) We can also use this nota- 
. tion to describe specific experiments — e.g. [wi^, Gi 3C z) 
describes the gene set and weights relating to the transpo- 
son abundance set. 

Furthermore, we define Fj as the value of a feature F 
in ORF j. For example, F could be the composition 
of leucine (a real number) or a binary value (0 or J) 
indicating whether an OKF contains a trans- membrane 
segment. Given these definitions, the weighted average of 
feature F in population |w, C] is: 



V(F [w,GJ) = 



w 



The weighted averages of two populations [w, GJ and 
[v, S] can be compared by simply looking at I heir relative 
difference A: 



MF, K GJ) 



(v, S))- M (F,f>, GJ) 
M(/ r . (w, G]) 



where v and w are weights for [he sets of ORFs 5 and G 
respectively. We call A the 'enrichment* of feature F 
because it indicates whether F .is enriched (if A is 
positive) or depleted (if A is negative) in population [v, S) 
relative to ( w, GJ. 

Usually, the gene set G is defined by the particular 
experiment, for which the weight w was measured. 
However, it is also possible to combine the gene set 
associated wirh one experiment with expression levels 
from another set. One may want to do this to compute 
the enrichment only on the genes common to both 
populations, for which there are defined values for both w 
and v, viz: A( F. \v : S O GJ. \w r S O GJ). In practice, 
this is most relevant for comparing Gi> (W and G PnRNA . 
Since Gp IOI is completely a subset of G mRNA , we need 
not explicitly deal with intersections il we calculate all 
statistics directly over Gp Jf>) . 

One can adjust l he weight vectors to take into account 
different types of averaging. For instance, when com- 
puting the amino acid composition [F = on) from the 
amino acid compositions of individual ORFs F, = ooj 
(Vj C- G). we weight by ORF length. In the case of . 
expression weights, we h;ivc: 

ll'; = A'; M-'hiRNa. j V / c O 

where A'j is a measure of the length of ORF ; (such as the 
number of amino acids). 



On the other hand, when computing the average molec- 
ular weight per amino acid, we need to normalize by the 
number of amino acids per ORF, which is equivalent to 
choosing the following weights: 



Vj G G. 



Application of methodology to quantitative 
abundance sets 

Having defined our formalism, we applied it lo a diverse 
set of protein features in yeast. 

Amino acid enrichment. As shown in Figure 2a, we used 
our methodology to measure the enrichment of individual, 
amino acids in both the translatome and the transcriptome 
relative to the genome. We found that three amino acids— 
valine, glycine and alanine — were consistently enriched in 
both transcriptome and translatome populations. 

In Figure 2a we compare different gene Sets. In Fig- 
ure 2b we focus mainly on the variation in enrichments 
when all the comparisons are restricted to the set of 181 
genes (Gp ;ot Pi G^rna = Gp rot ) common to all data sets. 
Thus, the differences between the. populations now only 
reflect the effects of differential transcription of certain 
genes and differentia) translation of certain transcripts. 
We find here an enrichment specifically of cysteine in the 
translatome in relation to the transcriptome. 

To measure the statistical significance of the results on 
amino acid enrichment, we have performed a control anal- 
ysis on a randomized data set (Figure 2d). We randomly 
permuiaied the expression values of the ORFs 1000 times 
and then recomputed the enrichments. This allowed us to 
compute distributions for the amino acid enrichments and, 
from integrating these, one-sided ^-values indicating the 
significance of the observed enrichments. 

Amino acid enrichment in Transposon data set. We 
also tried to extend our methodology, ineffectively, to 
cope with the semi-quantitative Transposon set. We used 
only those 450 ORFs that consistently yielded either no 
expression or high expression, as binary data, on or off. We 
show the enrichments of amino acids computed from this 
filtered Transposon abundance set in Figure 2a. Overall, 
the enrichments from this set seemed to be attenuated in 
comparison to other data. 

Biomass enrichment. A corollary io amino acid enrich- 
ments is the determination of the average biomass of the 
transcriptome and translatome populations (shown in Fig- 
ure 2c). We found that the average molecular weight of 
a protein in both populations w;ts. on average, lower than 
in the genome population. These preliminary observations 
suggest a cell preference to use less energetically ex pen- 
sive proteins for those that air highly transcribed or trans- 
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Fig. 2. Amino acid and biomass enrichment, (a) Shows the amino acid enrichments between different populations as indicated by the legend 
lo the right of the plot (the legend is ordered in the same way as the schematic il lustra) ion in Figure I)- The bars indicate the enrichment of the 
tTanscriptome relative to ihe genome, whereas the circles indicate the enrichment of the translator™; relative to the genome. In addition, we 
also show Ihe enrichment for protein abundance from (he Tiansposon abundance set, represented by the circles with the line through them, 
(b) Shows a different view of amino acid enrichment from thai contained in (a), now focusing on changes, and thus restricting the comparison 
to ihe genes common to all ihe data sets. The graph is ordered according lo the enrichment from transcriptome to translatome (black squares). 
We focus here only on ihe changes for the abundance gene set (Cp IOI ) to exclude the effects that arise from looking ai different subsets. In this 
view the enrichments from genome lo iranscripiome (white squares) and from genome lo Itanslatome (while diamonds) look more similar 
than do (he analogous sets in (a). To make comparison with (a) easier we again show the enrichment from genome to the iranscripiome foi 
the complete gene set (Cc en . shown in bars), (c) Shows biomass enrichment. The left panel depicts the average molecular weight per ORF 
(in units of kDa) and the right p;incl, the average molecular weight per amino acid (in units of Daltons) in each of the three stages of . gene 
expression. The numbers inside the circles indicate ihe average molecular weights. The values next to the arrows indicate the enrichments 
in biomass between different populations. Both the circle diameters and the arrow widths axe functions of the corresponding values (the 
hollow snow indicates a positive value). It is very clear that the average molecular weight per ORF is much lower in ihe oanslatome (by 20 
or 15%) and transcriptome (by 29%) ihan in ihe genome. This relative depletion of biomass mainly lakes place as a result of transcription; the 
effect of iianslation is less clear, depending on the populations compared. On Ihe other hand, ihe depletion in the average molecular weight 
per amino acid [-3.3% from genome to iianslaiome) is an order of magnitude smaller than in the average weight per ORF. This shows 
thai the yeast cell favors ihe expression of shorter ORFs over longer ones, and agrees with our earlier observation thai there is a negaiive 
correlation between maximum ORF lengih and mRNA expression (Jansen and Ocrsiein, 2000); ii seems that this effect mainly lakes place 
during transcription i at her ilinn tianslaiion. (d)This p)oi shows that ihe amino acid enrichments are staiisticajjy significant. We have assessed 
significance by randomly permuting ihe expression levels among ihe genes and (hen recomputing the amino acid enrichments. This procedure 
can be repealed and used to generaie distributions nf random enrichments that can then be compared against the observed enrichments. In 
ihe plot the gray bars present the observed enrichments already shown in Figure 3a. On lop of the gray bars we show standard boxplots 
of enrichment distributions based on 1000 random permutaiions. (The middle line represents the disiribution median. The upper and lower 
sides of the box coincide with ihe upper and lower quaniles. Outliers are shown as dots and defined as data poinis thai are outside the range 
of the whiskers, ihe tcngih of which is 1.5 ihe interquartile distance.) Based on ihe random distributions, wc can cooipuie one-sided p- values 
foi the observed enrichment*. Amino acids for which ihe p- values are less than JO - ' are shown in bold fonl. 



latcd. However, we also found thai ihe average moicru- 
hr weight per ammo ac'ui differed much less between I he 
linnscrjptome and the nans Interne on ihe one band, and the 
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genome on I be oiher hand (though it was si ill slightly less). 
This finding indicates that lower molecular weights in the 
translatome and iranscripiome tela live to the cenome are 
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predominantly due to greater expression of shorter pro- 
teins rather than the incorporation of smaller amino acids. 

Secondary, structure composition. We also used our 
methodology to study the enrichment of secondary- 
structural features. Secondary structural annotation was 
derived from structure prediction applied uniformly to all 
the ORFs in the yeast genome as described in Table ). 
As shown in Figure 3a, all three populations — genome, 
transcriptome, and translaiome — had a fairly similar 
composition of secondary structures — sheets, helices, and 
coils. The differences between populations were marginal 
and based only on the small subset of genes. 

We also found that Transmembrane (TM) proteins 
were significantly depleted in the ttanscripiome (see 
website and caption). These results ate consistent with 
our previous analyses (Jnnsen and Ccisiein, 2000). The 
protein abundance data does nor have any membrane 
proteins. 

Sirbcelltttar localization. Figwe 3c shows the enrich- 
ment of proteins associated with the various subcellular 
compartments. Tor clarity, we divided the cell imo five 
distinct subcellular compartments, (see Table I). We 
found that, in comparison to the genome, both the tran- 
scriptome and translaiome ate enriched in cytoplasmic 
proteins. This is true whether wc innl:e our comparisons in 



relation to the relatively large reference mRNA expression 
set or the smaller reference protein abundance set. As 
Figure 3c shows, the 2D gel experiments are clearly 
biased towards proteins from the cytoplasm. However, in 
the biased subset Cp IO , transcription and translation lead 
to an even higher fraction of cytoplasmic proteins in the 
translaiome. 

Functional categories. Finally, we compared the enrich- 
ment of various functional categories in both the trans- 
laiome and the transcriptome (see Figure 3b). This gives 
us a broad yet informative view of the cell as a whole. As 
described in Table I, we used the top-level of the MIPS 
scheme for the functional category definitions. We found 
broad drfferences between the various populations, with 
some of the functional categories showing strikingly high 
enrichments. 

DISCUSSION AND CONCLUSION 

We developed: (i) a methodology for integrating many dif- 
ferent types of gene expression and protein abundance into 
a common framework and applied this to a preliminary 
analysis: (ii) a procedure lor scaling anil merging different 
mRNA and protein sets together; and (iii) an approach for 
computing the enrichment of various proteomie features in 
the population of transcripts and proteins. Wc showed that 
by analyzing broad categories instead of individual noisy 



S9I 



D.Greenbaum et at 



(a) 



46.9% 



♦5,8% 



Secondary structure (b) 



!0 a4rela 




34.1% ! 



;B p-srieet 




i9.r% 



S&v38.2% 



i6.e% 



37.a% 



16.4% 



47 - 2% ^Pftv35.0% 




45.0% 



t7^% 




33.6% 



17.4% 



Localization 



4.0% 




w,e% 




66 8% 



6ii% 




□Cytoplasm 
B Membrane 

□ Mitochondria 

□ Nucleus 
Other 



70.7% 



15.?% 



32.0% 



12.0% 




Function 



QMelabofem (1) 
0 Energy (2) 

pCeB growth, cell division 
and DNA synthesis (3). 
□Transcription (4) 
B Protein synthesis (S) 
QCelhdar organization (30) 
S Unclassified (98. 99) 
□ Othei 



Fig. 3. Breakdown of the transcriptome and transJalome in terms of broad categories idating lo structure, localization,, and function. All 
of the subfigures are analogous lo the schematic illustration in Figure I. (a) Represents the composition of secondary structme m the 
diffeient populations, (b) Represents the distribution of subcellular localizations associated with proteins in the various populations. We used 
standardized localizations developed earlier (Drawid and Ger stein, 2000), which, in turn, were derived from the MIPS. YPD, and SwissProt 
databases (Bairoch and Apweilcr, 2000; Costanzo el ai r 2000; Mewes et al., 2000). The subcellular localization has been experimentally 
determined foi less than half of the yeast proteins, so our analysis applies only to this subset, (c) Shows the division of ORFs into different 
functional categories (according to the MIPS classification) in ihe various populations. Only the largest functional categories of the lop level 
of the MIPS classification are shown. The group 'other' contains the smaller top-level categories lumped together. This 'other* group is 
different from the group 'unclassified,' which contains genes without any functional description. 



data points, we could find logical trends in ihe underlying 
data. Tor example, individual transcription factors might 
have higher oi lower protein abundance than one expects 
from ) heir mRNA expression, but ihe category 'transcrip- 
tion factors' as a whole has a similar representation in the 
trimscriptome ami translaiome. 

We found, as previously described (Fuichei et a)., J 999; 
Gygi et nl. : 1999b; Greenbanm et al. 2001), a weak 
correlation between individual measurements of niRNA 



and protein abundance. The outliers of ihis correlation 
tend to be associated with cellular organization. One 
might conceive of using these outliers (i.e. those with 
significantly diffeient transcriptional and translational 
behaviot) ro find consensus regulatory sequences. One 
possible method would involve using predicted mRNA 
structures f.bcgcr et oi, 1990; Zuker. 2000) 'to find and 
investigate consensus structural elements in these outliers 
to which the yeiist translational machinery' is known to be 
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Table 1. Data sets 



Data set 



Description 



Size lORFs) 



Refereuce 



mRNA expression 
Young 

Church 

Samson 

SAGE 

Reference expression 

Protein abundance 
2-DE#l 

2-DE 82 
Transposon * 

Reference abundance 

Annotation 

Annotated localization 

TM segments. 

MIPS functions 

COR secondary structuie 



Gene chip profiles yeast cells with ■ 
mutations that affect transcription 

Gene chip profiles of yeast cells 
under four different conditions 

Comparing gene chip profiles for 
yeast cells subjected to alkylating agent 

Yeast cells during vegetative growth 

Scaling and integrating the 01RNA 
expression set into one data source 



Measurement of yeast protein 

abundance by 2D gel 

electrophoresis and mass spectrometry 

Similar to 2-DE set #1 

Large-scale fusions of yeast genes 
with locZ by transposon insertion 

Scaling and integrating the 2-DE 
data sets into one data source 



Subcellular localizations of yeast 
pre! tins 

Predicted TM and 
soluble proteins in yeast 

Functional categories for yeast 
ORFs 

Predicted secondary structure 
yeast ORFs 



5455 

6263 

6090 

3778 
6249 

156 

71 
1410 

181 



2133 
(6280) 

2710 
(6280) 

3519 
(6194) 

6280 



Hoistegerfo/. (1998) 
Roth el aL (1998) 
Jclinslcy and Samson (1999) 
Vckrulescurt<rf. (1997) 



Gygi ft ol. (1999:1,0) 

Fulcher etol (1999) 
Ross-Macdonald tt ol. (1999) 



Drawid and Gerstein (2000) 



Geistein(1998a.b,c) 



Mewes e t ol. (2000) 



Geistein (1998a.b,c) 



This table provides an overview of the data sets used in our analysis. The table is divided into three sections. The top section lists different mRNA expression 
sets. The middle section shows the protein abundance data sets used. The bottom section contains different annotations rtl protein features. The column 'Data 
set' lists a shonhand icfeience to each data set used throughout this paper. The next columns contain a brief description of the data sets, the number of ORFs 
contained in each of them, and the literature icfercnce. In contrast to the other data we investigated, the reference expression and abundance data sets have 
been calculated for the purpose of out analysis (see text). An expanded version of the table is available on our web site. 

Some further information on the genome annotations: 

Localization, Protein localization information from YPD, MIPS and SwissPiot were merged, filtered and standardized {Bairoch and Apwciler, 2000; 
Costaozoef «/., 2000; Mewes tt ol, 2000) into five simplified compartments — cytoplasm, nucleus, membrane, extracellular (including proteins in ER and 
polgi), and mitochondrial — according to the protocol in Drawid ,1 ol (7000). This yielded a standardized annotation ol protein subcellular localization lor 
2133 out of 6280 ORFs.' 

TMsegmrnt*. In 2710 out of 6280 yeast ORFsTM segments arc picdicicd to occur, ranging from low to high confidence (732 OHFs). The IM prediction was 
pei tonne d as follows: the values from ihe scale ioi amino acids in a window of size 20 (the typical size of a TM helix) wcic averaged and then compared 
against a cutoff of - I kca) rnol - '. A value under this cutoff was taken to indicate the existence of aTM helix. Initial hydrophobic sDetches cones ponding to 
Signal sequences for membrane insertion were excluded. (These have the pattern ot a charged residue within the first seven, followed by a suetch 0/ 14 with 
an avei3ge hydrophobic; ty under the cutoff.) These parameters have been used, tested, and icftned on surveys ot membrane protein in genomes. 'Sine' 
membrane proteins had at rrasi rwoTM- segments wiih an average hyibophobicity less than -2 kcal mol" '.(KoM etol. 1995: Oct stein ft of.. 2(XX>. Santoni 
ft n/.. 2000, Sents tt nl. 2000). 

I' un< 1 tons. MIPS functional categories have been assigned to 35! 9 otu ol 6194 ORFs. (The remainder aic assigned 10 category '98' or '99.' *hit h 
corresponds 10 unclassified function.) 



sensitive (McCarthy, 1998). 

In relation to functional categories, we found three 
trends that wcie particularly notable: fi) the 'cellular 



organization.' 'protein synthesis." and 'energy production' 
categories were increasingly enriched as we moved Irom 
genome 10 transcripioine 10 uanslaioine. In die iianscrip- 
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tome and translaiome population relative to the genome; 

(ii) proteins with 'unclassified function' are significantly 
depleted, perhaps reflecting a bias against .studying them; 

(iii) proteins in the 'transcription* and 'cell growth, cell 
division, and DNA synthesis* categories were consistently 
depleted. This reflects the fact that many of these proteins, 
such as transcription factors, act as 'switches' such that 
only small quantities of the protein are necessary to 
activate or deactivate a process. These results concur with 
previous calculations (Jansen and Gerstein, 2000) wherein 
we found the transcriptome is enriched specifically with 
proteins involved in protein synthesis and energy. 

Limitations given the small size of the protein 
abundance data 

Even with the extended coverage made possible by 
merging many data sets together into reference sets, the 
analysis is still limited by the minimal data. This was 
most applicable to the protein abundance measurements, 
potentially biasing our statistical results towards certain 
protein families. Moreover, the 181 proteins in Gp f0 i do 
not represent a random sample. They are skewed towards 
highly expressed, well-studied proteins. Our methodology 
attempts to control for ihis gene- selec lion bios through 
our enrichment formalism, which allows one to rather 
precisely gauge various aspects of the bias. Conversely, 
many protein features in both the translatome and the 
transcriptome are dominated by highly expressed proteins. 
Under these circumstances, it is often sufficient to look at 
ibis smaller number of dominating proteins to characterize 
the whole population. This is similar to the development of 
the codon adaptation index for yeast (Sharp and Li, 1987). 
While based on only 24 highly expressed proteins, it has 
proven to be robust in predicting expression levels for the 
entire genome. 

We believe ibai the essential formalism and approach 
that we develop will remain quite relevant for future data 
sets' (Smith, 2000). 
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Protein abundancy and mRNA levels of the adipocytc-type fatty acid 
binding protein correlate in non-invasive and invasive bladder transitional 
cell carcinomas. 

Gromova I, Gromov P . Wolfjff, £>li£_rir 
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1 he University of Aarhus, Aarhus C, Denmark. 

The adipocyte type fatty acid-binding protein (A-FABP) is a small molecular weight fatty 
acid-binding protein whose expression correlates both with the grade of atypia and the 
stage of bladder transitional cell carcinomas (TCCs). To determine if the protein 
abundancy correlates with the mRN A levels in non-invasive and invasive lesions we 
have analysed fresh TCCs (grade II, Ta; grade II,, T2-4) by two-dimensional ' 
polyacrylamide gel electrophoresis (2D-PAGE) and measured the mRNA levels using the 
reverse transcription linked polymerase chain reaction (RT-PCR) Overall the results 
showed a good correlation between protein abundancy and mRNA levels, 'indicating that 
the lack of expression of the protein observed in some lesions reflects low levels of 
transcription of the A-FABP gene rather than translational regulation. In addition our 
stud.es showed that the loss of A-FABP protein observed in some tumors is not ' 
compensated by an increase in the skin fatty acid-bindingprotein PA-FABP as is the 
case in the A-FABP knockout mice. ' 
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Abstract The adipocyte type fatly acid-binding protein (A- 
FABP) is a small molecular weight fatty acid-binding protein 
whose expression correlates both with the grade of atypia and 
the stage of bladder transitional cell carcinomas (TCCs). To 
determine if the protein abundancy correlates with the 
mRNA levels in non-invasive and invasive lesions, we have 
analysed fresh TCCs (grade 11, Ta; grade 111. T 2 . 4 ) by two- 
dimensional polyacrylamide gel electrophoresis (2D-PAGE) 
and measured the mRNA levels using the reverse transcription 
linked polymerase chain reaction (RT-PCR). Overall, the 
results showed a good correlation between protein abundancy 
. and mRNA levels, indicating that the lack of expression of 
the protein observed in some lesions reflects low levels of 
transcription of the A-FABP gene rather than translation^ 
regulation. In addition, our studies showed thai the loss of A- 
FABP protein observed in some tumors is not compensated 
by an increase in the skin fatty acid-binding protein PA- 
FABP. as is the case in the A-FABP knockout mice. 

Introduction 

Bladder cancer occounls for 4.7% of all human cancers 
diagnosed. The spectrum of bladder tumors is broad with 
various histological types that include transitional cell 
carcinomas (TCCs), squamous cell carcinomas (SCCs), and 
adenocarcinomas (1-3). TCCs are by far the most prevalent 
tumors as ihey represent nearly 95% of all bladder cancers m 
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the Western Hemisphere. At first presenlaiidn, about 70% of 
the urinary bladder TCCs are diagnosed as differentiated 
superficial lesions that are confined either to the mucosa 
(Ta), or to the underlying connective tissue (Ti)- The rest 
correspond to highly invasive, poorly differentiated tumors. 

Non-invasive TCCs occur as two distinct growth patterns, 
papillary and non-papillary (flat) lesions (U); that display 
significant differences in their malignant- potential and that 
are believed to originate from different genetic alterations 
(4-6). Papillary carcinomas usually correspond to low-grade 
lesions which frequently recur multiple times. These tumors 
begin as areas of hyperplasia that later undergo a process of 
dedifferentiation (grades MV). Invasive tumors may arise 
from these lesions, but often are derived from non-papillary 
carcinoma in situ that usually is of high grade at presentation 
and tend to invade and progress to muscle invasion and 

metastatic disease. . 

To date, many attempts have been made to pinpoint genetic 
changes that underly progression of bladder cancer as well as 
to identify molecular markers that correlate with tumor 
progression. Cytogenetic studies and molecular genetic data 
have shown that chromosomes 3p, 4p, 4q, 5q. 8p, 9p, 9q, 
lip I3q, 14q, I7p and I8q are frequently altered in bladder 
urothelial tumors (4,5 and refs. therein), and as a whole ihey 
have supported the notion that bladder cancer is a mulustep 
process. Recently, Spruck et at (6) showed that chromosome 
9 alterations occur early during development, while p:>3 
mutations appear later in the process and confer invasive 
properties. The situation however is reverse in the case ot 
Cis, as a large fraction of these lesions contain P 53 mutations 
(5 6,8,9). Besides pointing towards two divergent pathways of 
bladder tumor progression, these studies implied that the order 
in which the genetic changes occur is important in determining 
the outcome of the lesion. 

Assessment of bladder cancer is based on a thoroug 
pathological examination of biopsy material which establishes 
the histological type of the tumor, its degree of differentiation 
Orade), and depih of invasion of the bladder wall (staging) 
( 110- 12) In spite of strict criteria for the pathological assessment 
of these lesions, there exist a significant inter-pathologiSt 
variation a fact thai emphasises the need for objective 
markers that may aid their classification. With tins in mind, 
we aie cxploiing the possibility of using proieome (13) 
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expression profiles of these lesions as fingerprints to define 
their grade of alypia and eventually their stage (3,14). So far. 
more than 400 tumors of various grades and stages have been 
analysed by two-dimensional polyacrylamide gel 
electrophoresis (2D PACE), and preliminary experiments 
have shown that even though the overall protein expression 
profiles of tumors of the same grade and stage are very similar, 
there are important differences suggesting thai morpho- 
logically 'identical' TCCs may be further subdivided (I). Of 
the biomarkers of TCC progression identified so far, the 
adipocyte-lype fatty acid binding protein (A-FABP) is 
perhaps one of the most interesting as the levels of this 
polypeptide have been shown to correlate both with the grade 
of alypia as well as wiih the stage of the disease (3). Given 
the putative importance of A-FABP as a progression marker, 
and since Anderson and SeiJheimer (15) recently showed that 
post- transcriptional regulation of gene expression is a frequent 
phenomena in higher organisms, we have compared the levels 
of A-FABP mRNA and protein in non-invasive and invasive 
bladder TCCs expressing and lacking this protein. 

Materials and methods 

Tumors. Fresh bladder tumors were obtained immediately 
after transurethral resection.. The grade and clinical stage of 
the tumors were determined by the pathologist at the Aaihus 
Municipal hospital. Clean tumors devoid of blood clots were 
divided into small pieces for 2D PAGE and DNA, and RNA 
preparation. The latter were immediately frozen in liquid 
nitrogen and store at -80"C until use. 

•methionine labeling and 2D-PACE. In a lew cases, 
small tumor pieces were labeled with ("SJ-methionine as 
previously described (3). 2D-PAGE was performed 
according to published procedures (16; see also http: . 
//biobase.dk/cgi-bin/celis). 

RT-PCR. Frozen tumor samples were ground to powder in 
liquid nitrogen and total RNA was isolated using the acid 
guanidium isothiocyanaie/phenol chloroform extraction 
procedure (17). The samples were treated with RNase-free 
DNases 1 (Pharmacia) to eliminate contaminating genomic 
DNA using the protocols recommended by the supplier. 
Poly(A)* RNA was prepared using Poly (A) ! Quick columns 
according to the manufacturer's instructions (Slratagene). The 
synthesis of cDNA for RT-PCR reactions were carried out 
using the Gibco BRJL Superscript Kit. Two pg of iota) RNAs 
was mixed with oligo -dTM primer, PCR buffer. MgCl 7 
(25 mM), O.J M DDT and 10 mM dNIT. The mixture was 
incubated at 42'C for 5 min followed by the addition of 
Superscript 1) reverse transcriptase and further incubation at 
42'C for 50 min. The reaction was terminated by raising the 
temperature to 70*C for 15 min. followed by additional 
incubation at 37*C for 20 min in the presence of RNase H to 
deplete the RNA. Primers for known and cloned genes were 
purchase from Pharmacia as follows: A-FABP. Upper (from 
186-208 bp) 5-GATCATCAGTGTGA ATGGGGAT-37 
lower (front 374-397 bp) 5' CATCCTCTCG'ITTTCTCTIT 
ATG-3'; B-actin upper 5 - G A G GTf G G CTCTG A CTGT A C C 
AC 37lower 5-CTCA TTCaGCTCTCGGA ACATCTCG-3*. 



Tabic I. Expression of A-FABP in non-invasive and invasive 


bladder TCCs; 


■ 




TCC 


Grade/ 




juevei oi 




stage 


A-FABP Drolein' 


A-FABP mRNA* 


154 


Crll/Ta 




+4- 


166-5 


Grll/Ta 






532-1 


Crll/Ta 


++++ . 




533-1 


Grll/Ta 




+ 


607-1 


Grll/Ta 






692-1 


Grll/Ta 


- +++ . 


+++ 


709-1 . 


Grll/Ta 






763-1 


CrII/Ta 




++ 


58 1 - 1 


Crll/Ta 


+ 


+ 


616-1 


Crll/Ta 


+ 


++ 



428-5 
570-2 
612-3 
71M 
712-1 
727-1 



GrlII/T r T 4 
CrilinVT 4 
CrIIl/T r T 4 
GrlII/T r T 4 
GrjIl/T r X, 
GrlII/T 2 -T 4 



•The levels of a A- ; FABP protein were determined based on the 
visual analysis of Copmassie Brilliant Blue stained gels and 
represent the average estimate of at least two different runs. Tumors 
scored as positive differed significantly with respect to the levels of 
the protein, and therefore are indicated with either four (very high), 
three (high), two (medium) and one (low) cross (see also Fig. I); 
The mRNA levels were determined based on the intensity of 
Ethid turn Bromide stained cDNA bands separated on agarose gel 
using the Bio-Rad Gel Doc 1000 system and represent the average 
estimate of at least three independent experiments. Corresponding 
mRNA levels are represented by crosses as described above. 



PCR reactions were performed in a Progene thermal cycler 
using the Advantage Klen Tag Polimerase (Clonlech). The 
cycling parameters consisted of 30 sec of denaturation al 
94*C, with annealing of 30 sec at 60"C for B-actin or at 
64X for A-FABP. The extension lime was for 2 min at 68"C 
for 29-40 cycles with the final extension of 7 min al 68"C The 
PCR products wrre separated on 1.5% agarose gel 
electrophoresis followed by ethidium bromide staining and 
photography under UV light. 

Results 

A- FA BP protein levels in noninvasive and invasive TCCs. 
One hundred suspected TCCs removed at the Department of 
Urology, Skejby Hospital, were analysed by high resolution 
2D PAGE and Coomnssie Brilliant Blue staining. Of these, 
10 grade 11. Ta TCCs (Table J) were chosen to cone late A- 
FABP protein and mRNA levels as these lesions yielded 
acceptable protein profiles both in terms of their purity as 
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F, EUrc I. IEF 2D gels of whole cellular attracts from ™* 
invasive TCCs. A, TCC 532-1; B.TCC-692-l;C„TCC763- I; D„TCC709-J 
and E» TCC 711-1. Only ihe relevant area of the gels are shown. 



assessed by monitoring for the absence of vimenltn 
(contamination with connective tissue) and desmin 
(contamination with smooth muscle cells), as well as 
polypeptide resolution. In addition, reasonable amounts of 
mese tumors were available for rriRNA preparation. 

Table I shows the levels of A-FABP protein expression in 
the 10 tumors analysed by 2D PAGE The data were scored 
entirely based on the visual analysis of Coomassie Bnllianl 
Blue stained gels and represent an average estimate of at 
least two different runs. Tumors scored as positive differed 
significantly with respeel to the levels of this protein* and 
therefore are indicated with either four (very high), three 
(h>h) two (medium) and one cross (low). Representative 
example of Coomassie stained 2D gels of tumors exhibiting 
very high (TCC 532-1, Fig. I A), high (TCC 692-1; Fig. II* 
medium (TCC 763-1. Fig. 1C) and undetectable levels (TCC 
709-1 and TCC 711-1 Fig. ID E) of A-FABP are shown in 
Fig. 1 (only the relevant area of the gels are shown). 

A-FABP mHNA levels in non-invasive grade II Ta TCCs. 
Since in many instances only a limited amount of fresh tumor 
was available, we used RT-PCR to determine the levels of A- 
FABP mRNA in i he ten TCCs analysed by 2D PACE (Fig. 0- 
Following amplification, ihe PCR products were analysed by 
conventional 1.5% a S a.ose gel electrophoresis and visualised 
by ethidium bromide staining as shown in Fig. 2. The amount 
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Beure 2 RT-PCR analysis of A-FABP mRNA expression w non-mvas.ve 
fCll Ta) and invasive TCCs (Or HI. T r T,). For RT-PCR analysis, the ss c- 
DNA was synthesized by Reverse Transcriptase using total RNA^ andwd 
for RT-PCR amplification. The PCR products were resolved on 1.5* 
aurosc gels and visualised under UV light following eth,d,um brormde 
staining. The A-FABP panels show the results of ^^^^ 
pair of gene specific primes was used to generate the 220 bp DNA 
fragment. Amplification of A-FABP was obtained after 30 cycles of POL 
The B-aclin panels represent the amplification of the &-actu> gc^ wfccb 
W as used as an internal control to confirm that equal arnounts of c-DNA were 
used in each reaction. 



of cDNA in each lane was normalised using several house- 
keeping genes so as to achieve a more accurate assessment of 
Ihe egression of the A-FABP mRNA. As shown ,n F.g_2. 
TCC 532-1 exhibited the highest amount of A-FABr mKNA. 
followed by TCCs 692-1. 763-1. 616-1. 581-1. 154-1 166-5 
and 533-1 Undetectable levels of A-FABP mRNA were 
observed in the case of TCCs 607-1 and 709-1 (F.g. 2). 
Relative mRNA levels for the ten TCCs axe g.ven >n Table 1. 

A-FABP protein and mRNA levels in invasive grade 111. T„ 
TCCs Of the invasive TCCs (grade 111. T I 4 ) analysed by 2D 
PAGE only six yielded reasonable protein profiles for further 
study As shown in Table 1. none of these lesions expressed 
detectable levels of A-FABP as determined by Coomassie 
Brilliant Blue staining (fig. IE. TCC 71 1-1). In bne with mese 
results, the RT-PCR analys.s of these tumors »^feveatol 
undetectable level of A-FABP mRNA (F.g. 2. Gr 111 1,-1* 
Table 1). 

Loss oj A-FABP protein is no, compensated by an ^°sej 
PA-FABP. Recent stud.es of A-FABP knockout mtce have 
shown that .he loss of A.FABP in fat .issue .s W»»« d 
by an increase in .he skin fatty acid-binding pro.env mall < W 
Our studies, however, md.co.ed .hat .he human homolo ue 
of mail. PA-FABP (19). did no. compensate for the OSS 
A-FABP either in -he non-invasive or .he invas.ve tumors 
analysed in ibis s.udy (Fig. ID and E). In addition. F,?J 
shows 2D gels of |-»SJ- methionine labeled p.o.ems from two 
cade II. Ta TCCs (192-4. T,. Fig. 3A and 192-4. T ; . F.g. 3B). 
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Figure X Levels of A-FABP and PA-FABP protein in j-raclc II, Td tumdrs 
resected from the same patient. The two upper panels show the 2D gel 
autoradiograms of |»S]- methionine labeled proteins from TCCs (-rade II. 
Ta> resected from the same patient. A. TCC 192-9 lumor 4 and B.- TCC 
192-9 tumor I. Only the relevant area of the autoradiogroms are shown The 
low panel shows the RT-PCR analysis of A-FABP mRNA expression in the 
same tumors (see also legead to Fig. 2). 



which differ significantly in their levels of A-FABP protein 
and mRNA (Fig. 3. low panel). As shown in Fig. 3, the 
decrease in A-FABP observed in TCC 129-4, T, is not 
accompanied by an increase in the PA-FABP protein (Fig. IE). 

Discussion 

Of I he TCC progression markets identified to date, A-FABP 
is perhaps one of the most interesting as its presence correlates 
both with the grade of aiypia (p=0.0006) and the stage of the 
disease (p=0.0269) (3). A-FABP is a low molecular weight 
protein belonging to a cytosolic multigene family of lipTd- 
binding proteins thai include bean, liver, intestinal, muscle, 
brain, skin and epiiheliol isoforms (20). Members of the 
FABP family are highly expressed in differentiated cells and 
show narrow tissue distribution. Their precise function is at 
present unknown, although there is evidence suggesting that 
Ihey may play rotes in intracellular lipid transport and 
metabolism, signal transduction (21,22) as well as growth 
control and differentiation (23). The role in signal transduction 
has been inferred from the fact that long-chain fairy acids and 
their metabolites can act as primary and second messengers 
in specific signalling pathways (24). Recently, it has. been 
shown that A-FABP may play a central role in the pathway 
that links obesity with insulin resistance, most likely by 
connecting the fatty acid metabolism with the expression of 
INF-o (18). Furthermore, there is evidence indicating that 
the A-FABP gene contains sequence information necessary 
tor differentiation-dependent expression in adipocytes (25). 
Our own data derived from the study of TCCs and normal 
uioihclium suggest (hat A-FABP may be reouiied for normal 
uiothelium differentiation (I), as may be the case for PA- 
FABP in the skin ( 19). 



Considering the potential prognostic value of A FABP 
protein and/or mRNA in TCC progression it was important to 
determine if the levels of both iype'of:m'a]cromoiecujes 
correlated both in the non-invasive and the invasive lesions 
expressing and lacking A-FABP. The need for such correlation 
was underlined by recent studies of Anderson and Seilhamer 
(15), who reported a lack of overall correlation between the 
mRNA and protein levels of. 45 rat proteins analysed by 2D 
PACE in combination with cDNA arrays, their data yielded a 
correlation coefficient of 0.45 which is half way between weak 
and perfect correlation. Clearly, our data showed a very' good 
correlation between the protein and mRNA levels of A-FABP 
in all tumors analysed indicating that the loss of A-FABP 
protein observed in some tumors is not due to post- 
transcriptional regulation. 

Recently, knockout mice carrying a null mutation in the 
aP2 gene encoding for A-FABP was produced (18). These 
animals do not show an obvious morphological or metabolic 
phenotype, but exhibit a 20-fold increase in the levels of the 
keraiinocyte type FABP {mal)) t which may compensate for 
the loss of the deleted gene ( 1 8). The human homologue of 
the mall gene, PA-FABP, was cloned in our laboratory and 
has been shown to be highly upregulated in psoriatic skin as 
well as in abnormally differentiated primary keratinocytes 
(19). PA-FABP is expressed in normal urotbelium together 
with A-FABP (3), and ongoing studies in the laboratory have 
shown that its level decreases significantly as tumors progress. 
Interestingly, the studies reported in this article did not revealed 
a compensatory up- or down-regulation of PA-FABP in the 
TCCs analysed, supporting the contention that PA-FABP may 
also play a role in cell growth and differentiation (19). . 
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We previously reported that in hyperuricemy rats, renal impairment occurred and organic 
™ transport activ.ty decreased, accompanied with a specific decrease in the e^reST 
of rat orgnic anion transfers, rOATl and rOAT3, and organic cation transport" 

a P Y ' WC investi 8 ate ^ the reversibility of the organic ion transport 

a^ty and express.on of organic ion transporter (slc22a) during recover from 
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protem and mRNA levels of rOATl, rOAT3 and rOCTC inL kidney g^duatly 
mproved dunng 14 days of recovery from hyperuricemia. Basolateral KSsport 

thTre^^ P TT^ COnM ™' which " a dominant factor in 
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Regulation of cytochrome P450 1 Al in teleosts: sustained induction of 
CYP1A1 mUNA, protein, and catalytic activity by 2,3,7,8- 
tetrachlorodibenzofuran in the marine fish Stenotomiis'chrysops. 

Hahn ME , Stegeman.JJ . 

Biology Department, Woods Hole Oceanographic Institution, Massachusetts 02543. 

Cytochrome P4501 Al (CYP1 Al) is known to play important roles in the activation and 
detoxification of carcinogens and other toxicants in vertebrate animals, including fish. 
Although extensively studied in mammalian systems, the regulation of CYP1 A forms in 
other vertebrates is less well understood- We examined the time course and dose- 
response relationships for induction of CYP1 Al inRNA, protein, and catalytic activity by 
2,3,7,8-tetracMorodibenzpfuran (TCDF) in the marine fish Stenotomus chrysops (scup) 
The time course of CYP1 Al induction was determined following a single ip dose (10 
nmol/kg) of 2,3,7,8-TCDR Hepatic ethoxyresoru fin O-deethylase activity was increased 
after 1 day, reached a maximum by 8 days, and was still elevated 14 days after treatment 
The content of immunodetectable CYP I Al protein in liver was elevated on Day 1 and 
continued to increase through 14 days. CYP1 Al protein content was also strongly 
mduced m heart and gill beginning at 2 days after treatment and extending through Day 
14. Hepatic CYP 1AI mRNA was strongly induced by i day after dosing and remained 
elevated through 14 days. The sustained induction of CYP1 Al mRNA by 2,3,7,8-TCDF 
contrasts with the transient induction seen previously in fish treated with nonhalogenated 
inducers and most likely reflects differences in persistence of the inducers. Dose-resporise 
studies indicated that induction of CYP 1 Al mRNA, protein/and catalytic activity 
occurred following doses of 2,3,7,8-TCDF as low as 0.4 nmol/kg (120 ng/kg), within the 
range of whole-body con tents of this congener measured in fish from contaminated 
environments. The estimated dose producing half-maximal CYP1 Al induction in scup 
was approximately 2-10 nmol/kg, suggesting that the sensitivity of these fish to induction 
may be as great as or greater than that of rats. In contrast to previous results obtained with 
3,3^4,4'-tetachIorobiphenyl (TCB) and beta-naphthoflavone, which appear to inhibit or 
inactivate CYP1 Al in fish and other vertebrates, there was a good correlation among 
levels of CYP1 A I mRNA, protein, and catalytic activity in individual fish following 
various doses of 2,3,7,8-TCDF. The difference in response to 2,3,7,8-TCDF versus 
3>3*,4,4'-TCB may reflect differences in the inducing potencies of the two compounds 
relative to their similar potencies as inhibitors of CYP1 A I catalytic activity. In additional 
studies to evaluate structure-activity relationships for CYP1 Al induction by chlorinated 
dibenzofnrans m fish, scup were treated with 2,3,6,8-tetrachl6rodibenzofuran (2 3 6 8- 
TCDF). At 10 or 50 nmol/kg, 2,3,6,8-TCDF was inactive as an inducer of CYP1 aY 
mRNA, protein, or catalytic activity.(ABSTRACT TRUNCATED AT 400 WORDS) 
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Expression of the pS2 gene in breast tissues assessed by pS2-mRNA 
analysis and pS2-proteih radioimmunoassay. 

Hahnel E, Robbins P. Harvey J. Sterrett G, Bahnel R . 

Department of Pathology, University of Western Australia, Queen Elizabeth II Medical 
Centre, Nedlands. 

The expression of the pS2 gene in breast tissues was assessed by measuring pS2-proteiri 
using a radioimmunoassay, and by determining pS2-mRNA using Northern blotting. 
There was a good correlation between the two measurements, indicating that expression 
of the pS2 gene in breast tissues may be assessed by either method. Since 
radioimmunoassay is technically easier and more efficient than Northern blotting, 
radioimmunoassay will be the method of choice in routine applications. 
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Expression of the pS2 gene in breast tissues assessed by pS2-mRNA analysis 
and pS2-protein radioimmunoassay 
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Key words: breast tissue, pS2-mRNA, pS2 protein, radioimmunoassay 
Summary 

The expression of the pS2 gene in breast tissues was assessed by measuring pS2-prorein using a radioimmu- 
noassay, and by determining pS2-mRNA using Northern blotting. Tbere was a good correlation between the 
two^measurements, indicating that expression of the pS2 gene in breast tissues may be assessed by either 
method. Since radioimmunoassay is technically easier and more efficient than Northern blotting radioim- 
munoassay will be the method of choice in routine applications. 



Introduction 

Expression of the pS2 gene is controlled by estro- 
gen. This was first described in the MCF-7 breast 
cancer cell line f 1). pS2 expression has since been 
reported to be useful as a prognostic indicator [2, 
3], although this was not confirmed in another se- 
ries [4]. 

pS2 expression may be assessed in tissue ho- 
mogenares by analysis of pS2-mRNA [5], by ra- 
dioimmunoassay of the pS2-protein [2], or by in> 
munocytochemical detection of the pS2 protein in 
tissue sections [5). It was the aim of this study to 
establish the correlation between pS2-mRNA and 
pS2-proiein.by radioimmunoassay in a series of 
tissues obtained from mastectomy specimens per- 
formed for carcinoma of the breast. Primary breast 
carcinoma tissue, metastatic carcinoma within ax- 
illary nodes, and macrosconicajjy benign breast 
tissue were examined. 



Materials and methods 
Breast tissues 

Tissue specimens from mastectomies performed 
for carcinoma of the breast were examined. 32 pri- 
mary breast carcinomas, 10 axillary lymph nodes 
containing metastatic breast carcinoma, and 20 
samples of uninvolved breast tissue were analyzed 
for pS2 expression. 

The primary breast carcinomas were histolog- 
ically classified using a conventional subclassifi- 
cation. The presence or absence of primary tumour 
was assessed. The presence of metastatic carcino- 
ma within lymph nodes studied was verified by 
histological examination of the node femnam after 
sampling. 

'Uninvolved* breast tissue was sampled from 
sites well removed from the primary breast tumour 
(usually in another quadrant of the breast), and was 
selected only if the tissue appeared macroscopicaK 
ly unremarkable'. Tissue sampling occurred mime- 
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diately upon arrival of the mastectomy specimen in 
the laboratory, with minima] delays between re- 
moval and sampling. 

Tissues for j>S2 analysis were snap frozen in liq- 
uid nitrogen and stored at -70°C until processed. 

Extraction of RNA and determination of 
pS2-mRNA • .; 

Details of the procedure have been described in our 
previous paper [6]. Briefly, the deep-frozen tissue 
was homogenized in a micro-dismembrator. The 
homogeneous powder, was extracted with guani- 
diniumisoihiocyanatephenolchloroformiso- 
amylalcobol, and RNA was precipitated with iso- 
propanol. Thewashed RNA j>e)let was dissolvedin 
SDS and glyoxylated, and the RNA preparation 
loaded onto agarose gel After electrophoresis the 
gel was capillary blotted, onto Zeta-probe mem- 
branes. Membranes were hybridized overnight 
with cDNA probes pS2 and 36B4, which were la- 
; beJed with [a*P] dCTP by wck translations, 
•Washed membranes were exposed to Kodak X- 
pmat AR film. Relative intensities of the mRNA 
bands were assessed visually as not detectable, ve- 
ry weak^ weak,, medium, strong, and very strong, 
talcing the intensities of the ubiquitous 36B4 bands 
into account. 



Radioimmunoassay of pS2~ protein 

Deep frozen specimens were pulverized with a mi- 
crodismembrator. The tissue powder was suspend- 
ed in 10 volumes of pH7.5 phosphate buffer/The 
homogenate was cenirifuged in a refrigerated cen- 
; trifuge at 4°C for 60 minutes at 2600xg. The su- 
pernatant was removed with a Pasteur pipette, 
carefully avoiding the fai layer on the top. The pro- 
tein concentration in the supernatant was estimated 
by use of the Coomassie dye-binding method [7]. * 
An aliquot of the supernatant was diluted to a pro- 
tein concentration between I and 2m«/m] before 
assay of the pS2-protein. In one case the protein 
concentration of the supernatant was well below 
Ims/ml. 



The estimation of the pS2-protein was perform- 
ed using a solid phase, two-site radioimmunoas- 
say. The kits were bought from CIS Biointerna- 
tional, Gif-sur-Yvette, France (ELSA-PS2). In this 
method the molecules of pS2 are sandwiched be- 
tween two monoclonal antibodies; the first one is 
coated on the EJLSA solid phase, the second one is 
radiolabeled with J25-iocfme. The radioactivity 
bound to the EISA is proportional to the concen- 
tration of pS2-protein. Details of the procedure are 
supplied with the kit [8]. 

Results and discussion 

32 primary , breast carcinomas, metastatic breast 
carcinoma in 30 lymph nodes, and 20 samples of 
benign breast tissue from mastectomies were in- 
vestigated. Two of the carcinomas were of the infil- 
trating lobular type, two were ductal carcinomas in 
situ t one was a multicentric invasive ductal carci- 
noma, all others were invasive ductal carcinomas. 

Examples of pS2 Northern blots have been 
shown in our previous paper [6} which demon- 
strate that undegraded pS2rmRNA can be isolated 
by the method used. 

The results of the pS2-protein and pS2-mRNA 
assays are shown on Fig. 1. There was a good corre- 
lation betwee.n.the two types of results. When pS2- 
mRNA could not be detected by Northern blot, 
pS2-protein results were usually below 1 ng/mg 
protein (22 of 30), or between 1 and 3 .7 ng/mg (6 of 
30). Two were exceptions (7.7 and 14.6); one of 
them could have been due to the very low protein 
content in the cytosol which would lead to a large 
pS2 value and an associated error. There was no 
explanation for the other high result. Very weak 
pS2-mRNA signals on Northern blots correspond- 
ed topS2-protein values between 1.1 and 19.2 with 
an average of 6.6 ng/mg protein (median 5.7): The 
mean and median pS2-proiein concentration in the 
tissue with weak pS2-mRNA signals were 14:3 and 
"10.7 ng/mg protein, respectively. The average pS2- 
proiein concentration increased to 32.7 (median 
31.5) ng/mg protein for tissues assessed as medium 
pS2-mRNA intensity, and to 43.3 (median 53.8) 
ng/mg protein for tissues with strong or very strong 
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pS2-raRNA signals. These values should be used 
as an approximate guide only, since the number of 
samples in the various groups was fairly smalL 
One-way analysis of variance confirmed that the 
means of the pS2-protein values in the groups 
made up according to their pS2-mRNA signal in- 
tensity, were significantly different (p <10^). 

If the pS2 gene; is expressed, its expression is on 
average greater in breast carcinomas than in unin- 
volved breast tissue. If one takes pS2-protein val- 
ues above 4ng/mg protein as cut-off, the average 
pS2-protein in J4 breast cancers was 343 (median 
■ (35.2), while it was only 18.1 (median 13.8) in 12 
uninvolved breast tissue samples. If the cut-off is 
taken at idng/mg protein, average pS2-protein in 
breast carcinoma is aJso about twice the level of 
uninvolved ussue. There were not enough lymph 
node metastases which expressed the pS2 gene to 
allow a comparison with carcinoma or uninvolved 
breast tissue. , * 

Recent preliminary results of pS2 by radioim- 
munoassay [9] are similar to ours for breast cancer 
but considerably lower than our results for normal 
breast tissue. 

The values of the pS2-protein measured obvi- * 
ously depend on the protein used for calibration. 
We used the pS2-protein standards supplied with 
the CIS kit, which according to the supplier gave 
values from 0 to 740ng/mg protein in a series of 
205 breast cancer cytosols. Previously, a different 
standard had been used for presumably the same 
series of breast carcinomas [2], and a conversion 
factor to current standards is given as 2.8 [8]. 

It was noticed that the correlation between pS2- 
protein and pS2-mRNA was better in breast carci- 
noma specimens than in uninvolved breast tissue. 
This is unexplained, though it could be due to the * 
variable content of cell or tissue types in adjoining 
parts of a specimen, a variation more likely to oc- 
cur in our sampling of nori-maJignani breast tissue 
compared to sampling of carcinomas. A similar 
variability in breast carcinoma specimens will 
probably have a smaller influence on the pS2 re- 
sults, since the malignant cells - if they do express 
the pS2 gene - contain more pS2- protein than nor- 
mal breast. 
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Fig. J. Correlation between pS2-piotein by radioimmunoassay and 
p$2-n>RNA by Northern bloi. <•) = 22 results below I. The horizontal 
lines indicate the mean values. 
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The role of the epidermal growth factor receptor in sustaining neutrophil 
inflammation iu severe asthma. 

Hamilton LM , Tort es-Lozano C. Puddicombc SM, Riclitcr A, Kimber I. Dear man 
M YrugtB, Aalbers R ; HolgateST , Djukanovic R , Wilson SJ, Davies DE . 

Division of Infection, inflammation & Repair, School of Medicine, University of 
Southampton, UK. 

BACKGROUND: The extent of epithelial injury in asthma is reflected by expression of 
the epidermal growth factor receptor (EGFR), which is increased in proportion to disease 
severity and is corticosteroid refractory. Although the EGFR is involved in epithelial 
growth and differentiation, it is unknown whether it also contributes to the inflammatory 
response in asthma. OBJECTIVES: Because severe asthma is characterized by 
neutrophilic inflammation, we investigated the relationship between EGFR activation and 
production of IL-8 and macrophage inhibitory protein-1 alpha (MIP-1 alpha) using in 
vitro culture models and examined the association between epithelial expression of IL-8 
and EGFR in bronchial biopsies from asthmatic subjects. METHODS: H292 or primary 
bronchial epithelial cells were exposed to EGF or H202 to achieve ligand-dependent and 
Hgand-independent EGFR activation; IL-8 rnRNA was measured by real-time PCR and 
IL-8 and MIP-1 alpha protein measured by enzyme-linked immunosorbent assay 
(ELISA). Epithelial IL-8 and EGFR expression in bronchial biopsies from asthmatic 
subjects was examined by immunohistochemistry and quantified by image analysis. 
RESULTS: Using H292 cells, EGF and H202 increased IL-8 gene expression and 
release and this was completely suppressed by the EGFR-selective tyrosine kinase 
inhibitor, AG1478, but only partially by dexamethasone. MlP-lalpha release was not 
stimulated by EGF, whereas H202 caused a 1.8-fold increase and this was insensitive to 
AG1478. EGF also significantly stimulated IL-8 release from asthmatic or normal 
primary epithelial cell cultures established from bronchial brushings. In bronchial 
biopsies, epidielial IL-8, MIP-la!pha, EGFR and submucosal neutrophils were all 
significantly increased in severe compared to mild disease and there was a strong 
correlation between EGFR and IL-8 expression (i = 0.70, P < 0.001). CONCLUSIONS: 
These results suggest that in severe asthma, epithelial damage has the potential to 
contribute to neutrophilic inflammation through enhanced production of IL-8 via EGFR- 
dependent mechanisms. 

PMID: 12580917 [PubMed - indexed for MEDLINE] 
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Abstract 

Lung cancer is Ihe most common cause of cancer death 
in developed countries. The prognosis is poor, with less than 
15% of patients surviving 5 years after diagnosis. The poor 
prognosis is attributable to lack of efficient diagnostic meth- 
ods for early detection and lack of successful treatment for 
metastatic disease. Most patients (>75%) present with stage 
1)1 or IV disease and are rarely curable with current ther- 
apies. Within the last decade, rapid advances in molecular 
biology, pathology, broncbology, and radiology have pro- 
vided a rational basis for improving outcome. These ad- 
vancements have led to a better documentation of morpho- 
logical changes in the bronchial epithelium before development 
of clinical evident invasive carcinomas. This has changed our 
concept of lung carcinogenesis and emphasized the mulijslep 
carcinogenesis approach on several levels. Combined with 
the technical developments in bronchoscope techniques, 
e.g., laser-induced fluorescence endoscope (UFE) bronchos- 
copy, >ve nr»v have improved methods to localize preinvasive 
and early-invasive bronchial lesions. AViih the LIFE bron- 
choscope, a new morphological entity (angiogenic squamous 
dysplasia) has been recognized, which might be an impor- 
tant biomarher and target for antiangiogenic chemopreven- 
live agents. To reduce Ihe mortality of lung cancer, these 
new technologies have been taken into the clinic in different 
scientific settings. The use of low- dose spiral computed to- 
mography in the screening of a high-risk population has 
demonstrated the possibility of diagnosing small peripheral 
tumors that are not seen on conventional ,X-rav. A shift in 
the therapeutic paradigm from targeting advanced clinically 
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manifest lung cancer tovrard asymptomatic preinvasive and 
early- invasive cancer is occurring. The present article re- 
views the recent advances in the diagnosis of preinvasive and 
early-invasive cancer to identify biomarkers for early detec- 
tion of lung cancer and for chemoprevention studies. 

Intro due I ion 

Lung cancer is Ihe most common cause of cancer deaths in 
the countries of North America and other developed countries, 
accounting for 29% of all cancer deaths and more deaths than 
from prostate, breast, and colorectal cancer combined in the 
United States (I). Lung cancer. will be diagnosed in ~ 170,000 
new patients in the United States in the year 2000, and < 15% of 
them will survive 5 years after diagnosis ( 1). The prognosis for 
the patients with lung cancer is strongly correlated to the stage 
of the disease at the time of diagnosis. Whereas patients with 
clinical stage 1A disease have a 5-year survival of about 60%, 
ihe clinical stage 11-1V disease 5- year survival rate ranges from 
40% to less than 5% (2). Over two- thirds of the patients have 
regional lymph-node involvement or distant disease at the lime 
of presentation (3). The poor prognosis is largely attributable to 
the Jack of effective early detection methods and the inability to 
cure metastatic disease. The unsatisfactory cure rates supports 
efforts aimed at eaily identification and intervention In lung 
cancer. 

Historically, the only diagnostic tests available for the 
detection of lung cancer in its early stages were chest radiogra- 
phy and sputum cytology. The efficacy of these tests as mass 
screening tools was evaluated in controlled trials sponsored by 
the NCI 3 and conducted at Johns Hopkins University, Memorial 
Sloan- Kettering Cancer Center, and the Mayo Clinic during the 
1970s (4-6). The principal goal of these studies was to deter- 
mine whether a reduction in lung cancer mortality could be 
achieved by adding sputum cytology testing to annual scteening 
by chest raiiiogiaphy. Results from these trials showed thai both 
tests could detect presymptomatic, early-stage carcinoma, par- 
liculaily of squamous cell type. Resectability and survival rates 
were found lo be generally higher in the study groups than in the 
control groups. However, improvements in readability and 
survival did not lead to a reduction in overall lung cancer 
mortality, the must critical end point. A subsequent smdv of 
63 40 Czechoslovakia!! male smokers also found no i eduction in 
hint cancer mortality after dual screening bv chest radiography 



■'"Ihe abbre\ tationj used are; NCI. Natron;*! Cancer J»*t»tuip; CIS. 
cair moma i/s .«ifi«; CI. computed tomography; ASD. angiogenic spu- 
mous dysplasia, TSG. hi mot suppressor gene: LOH, toss of bcieiccy* 
jrosiry; hnRNP. netnopeneous nuclear ribomicicopunrin; SPLC set ond 
pi unary (imp cancer: DAL. pick hoalveofar lavapr; SCLC. small fell 
lur>p caicmorna: WLR. white light bronchoscopy; Lilt: , laser- induct- J 
flnoit'MriKt" <-inb>sn>pe: tLCAP. Hatty Lung Cancel Actum Proieci; 
FT*!, position e minion tomography; FDG. | Ir l (fluoio-?- deo> vidncn.< r 



6 Review: Advances in Early Detection of Lung Cancer 



and sputum cytology (7). The negative TesuJts from these 
1 screening studies lead the NCI and other health policy and 
research groups to conclude thai mass screening programs in- 
volving periodic sputum cytological evaluation and chest radio- 
graphs could not be justified. However, controversies in the 
methodology and interpretation of the data from these srudies 
have later been extensively discussed (8, 9). One additional 
study of annual chest X-ray screening is currently being con- 
ducted by (he NCI; The Prostate-, Lung-, Colorectal-, and Ovar- 
ian (PLCO) screening trial. This trial includes individuals 55-74 
years old, but they are not selected for Ibis trial on the basis of 
high risk for lung cancer (eg., smoking history with >20 
pack-years). 

The failure of clinical trials to demonstrate the efficacy of 
sputum cytology and chest radiography as mass screening tools 
has resulted in a search for belter diagnostic approaches for 
early Jung cancer detection that take advantage of recent devel- 
opments in molecular biology, gene technology, and radiology 
(JO). Furthermore, as has been the case for mammography 
screening for breast cancer, it has also been important to identify 
risk groups for Jung cancer. 

Although, much is known about predisposing factors, nat- 
ural history, and the outcome based on histology and stage, our 
understanding remains very incomplete in many areas. What are . 
the early premalignant changes molecularly, biochemically, and 
morphologically? Which changes are reversible and which are 
not? What research tools are available to provide answers to 
these questions? The identification of preinvasive lesions allows 
for developing promising methods for early intervention fll). 
The therapeutic paradigm and focus arc today shifting from 
targeting only clinically verified lung cancer as previously to- 
ward targeting the premalignant and early- malignant Jesions. 
Furthermore, the prospect of lung cancer scicening has today 
become more meaningful as a consequence of jecent develop- 
ments in biology and radiology and better possibilities to define 
high-risk populations most suitnble for lune cancer screening 
02). " 

The present article will focus on ihe clinical perspectives of 
pm biological knowledge of premalignant and early-malignant 
lesions and ihe potential of the recent technological advance- 
ment for early diagnosis of lung cancer. 

Pathology of Preinvasive and Early Invasive 
Bronchial Lesions 

Most of the efforts lo classify lung cancer have been 
directed toward invasive carcinoma (13). However, better un- 
derstanding of the pathogenesis of lung cancer aroused renewed 
inlcresi in morphological abnormalities ihat fall short of inva- 
sive carcinoma bur may indicate initiation of carcinogenesis, 
'fhese morphological abnormalities are referred to as preinva- 
sive lesions and are shown in Fig. J. The last edition of the 
WHO classification of lung tumors included the classification of 
preinvasive lesions as a sepaiate section. Numerous recent stud- 
ies have indicated ihat lung cancer is not the result of a sudden 
inns forming event in the bi one hint epithelium but a umliiMcp 
process in which gradually arc mini; sequential genetic and 
cellular changes lesult in ihe formation of an invasive 
malignant) tumor. Mucosal changes in rhe Inige airways dial 



may precede or accompany invasive squamous carcinoma in- 
clude hyperplasia, metaplasia, dysplasia, and'CIS (14): Hyper- 
plasia of the bronchial epithelium and squamous .metaplasia 
have generally been considered reversible, and not premalignant 
. . in the sense of squamous dysplasia and CIS (15). 

Squamous metaplasia is a common finding, especially as a 
response to cigarette smoking. Peters et ah (16) studied bron- 
choscope biopsies from six sites in 106 heavy cigarette smok- 
ers; Squamous metaplasia was noted at one or more biopsy sites 
in approximately two : thirds of the group, and one- fourth 
showed squamous metaplasia in three or more biopsy sites. The 
incidence of squamous metaplasia increased with smoking his- 
tory and was highest in individuals who had smoked more than 
two packs of cigarettes a day. Auerbach et ah (J 7) noted similar 
findings in autopsy tissues: basal cell hyperplasia and squamous 
metaplasia are increased in smokers in proportion to smoking 
history. Hyperplasia and metaplasia are believed to be reactive 
changes in the bronchial epithelium, as opposed to true preneo- 
plastic changes (17, 18). The reasons for this include: (a) they 
are frequently found in association with chronic inflammation, 
and may be induced by mechanical trauma; (b) they spontane- 
ously regress after smoking cessation; (c) in chronic smokers, 
the molecular changes present in these lesions are similar to 
those present in histologically normal epithelium; and (d) there 
are no reports linking their presence to increased risk for devel- 
oping Jung cancer. Jn contrast, moderate- to- severe dysplasia and 
CIS lesions seldom regress after smoking cessation (19). 

Dysplasia and CIS are changes that frequently precede 
squamous cell carcinoma of the lung. Saccomanno et al. (20) 
studied more than 50,000 samples from 6,000 men, many of 
whom had worked in Ihe uranium mining industry. Both smok- 
ing and uranium mining fradon exposure) were found to be 
associated with rncjeased incidence of dysplasia, CIS, and in- 
vasive cancer. The studies of Saccomanno et ai established that 
increasing degrees of sputum atypia may be recognized an 
average of 4-5 years before the development of frank lung 
carcinoma. 

Anoiher question is: which grades of spunrm atypia pro- 
gress to cancer? From the Johns Hopkins cohort of the NCI 
chest X-ray/sputum screening trial, we know that among indi- 
viduals with moderate atypia on sputum screening. - J0% de- 
veloped known canrer up to 9 years later. Among individuals 
with severe arypia on the sputum screening, >40% developed 
known cancer during the same time period (21). Although theic 
are data in ihe literature showing the relationship between 
sputum atypia and subsequent Invasive cancer, there is still very . 
little information about the histological progression in the bron- 
chial mucosa in the high risk populations. In a recent publica- 
tion, nine patients with CIS were" followed with autofluorcs- 
cence bronchoscopy at regular intcrvals : and 5 (56%) had 
progression to invasive cancer despite endobronchial therapy 
\72). Ihe number of invasive cancers might even have been 
higher if treatment had not been not given. Ongoing studies of 
high-risk subjects (c.^., ihe Colorado sputum cohort study) 
including serial follow-up bronchoscopies will provide evidence 
iclatcd to the frequency of development ol invasive lung cancer 
as it relates to smoking hisiory. airflow obstruction, and spnium 
arypia. 

Since the previous WHO- classification was published in 
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Fig. I A f squamous metaplasia. The 
cells are widely dispersed, with a reg- 
ular maturation from the basal region 
to the (op. There Is keratin i2ation, and 
the nocfei/cy?op)asmic ratio is low. B, 
moderate dysplasia with ASD. Hypei- 
celrulnriry of the epithelium with in- 
complete maimaiion and micropapil- 
lary invasion of capillaries are seen. 
The nuclei/cytoplasmic ratio is high. 
C, severe dysplasia. There is marked 
pleomorphism of the cells with irregu- 
larity and prominent nucleoli. 
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1981, two nonsquamous lesions have been added to tbe WHO 
classification of premalignant lesions: atypical. alveolar hyper- 
plasia and diffuse idiopathic neuroendocrine cell hyperplasia. 
(13). Both of these lesions are diagnosed rarely. The former 
consists of lesions <5 mm in diameter and composed of a 
peripheral epithelial cell proliferation with minimal cytological 
atypia or stromal response and resembles bronchiobalveolar 
carcinoma. The lesion has been seen in lung specimens resected 
for hmg cancer, but no prospective significance, of this lesion 
has been reported. However, this morphological lesion may play 
a role for the pathogenesis of peripheral Jung adenocarcinomas 
(23, 24). The resolution of spiral CT (currently about 3 mm) 
approaches the diameter of these lesions, and it is anticipated 
that atypical alveolar hyperplasia will be increasingly encoun- 
tered in subjects undergoing this procedure (25). Diffuse idio- 
pathic neuroendocrine cell hyperplasia consists of a patchy 
increase in the number of well-differentiated neuroendocrine 
cells in the bronchioles. This process may result in the formation 
of small carcinoid tumors, and for this Teason it is considered 
. "preinvasive." To date, small cell carcinomas have not been 
associated wiih this lesion (13). 

Recently, the use of fluorescence bronchoscopy (see be- 
low) has increased the recognition of dysplastic lesions in the 
large airways and a new morphological entity, ASD, was iden- 
tified (26). Dysplasia of bronchial epithelium in "micr ©papillo- 
matosis" and the possible Jink between angiogenesisand prein- 
vasive bronchial epithelial dysplasia were recognized as early as 
1 983 by MuIIer and Muller (27), who also described the ultra- ■ 
structure of these lesions. Jt has been suggested that this angio- 
genesis, which is recognized as capillary loops projecting into 
the dysplastic bronchial lining, is responsible for the reduced 
fluorescence seen in dysplastic lesions by LIFE bronchoscopes 
(Figs. 1 and 3; Ref 26). Fuhue prospective studies will show 
whether this morphological eniiry is conelated with a progres- 
sion to lung cancer so as to be a target for the use of antianeio- 
genic agents for chemoprc vent ion. 

hi general, there are several questions/problems relating lo 
premalignant lesions, which will be addressed in future studies: 
{a) The morphological criteria for premalignant and early- 
malignant changes, both on sputum cytology and in bronchial 
biopsies, have to be validated for intra- and interobserver repro- 
ducibility. 

{b) Uniform and reproducible morphofogical/cyiologica! 
criteria have to be published more extensively, and a training set 
of slides should be available. By ihe use of Internet technology, 
this could be more easily facilitated (28). 

\() The correlation of sputum atypia and histological 
changes in the bronchi in high-risk population is not well 
defined. 

(d) The natural course of preinvasive changes in lire bron- 
chi from the high risk subjects needs to be clarified through 
longitudinal, prospective studies with reference to histological 
chances in the bronchi. Ongoing longitudinal studies with flu- 
orescence bronchoscopy and multiple biopsies with hisroiogy 
and other biomsr leers will define the ability of these markets to 
assess )oi risk. 

If) What is the pa iholoey ■'biology of if re small, often pe- 
ripherally located, tumors (3 mm in <Jtameiei\ which are mote 



often diagnosed with newer radiological techniques (e.g„ low- 
dose spiral CT)? 

(/) Optimization of the tissue procurement and processing 
. techniques are important Distinction of reactive from neoplastic 
processes is usually straightforward, but diagnostic difficulties 
may arise in the case of (a) inadequate or poorly prepared 
histological material to evaluate and (b) the presence of cyto- 
logical atypia in epithelium stimulated by inflammation, viral 
infection, radiation, or chemotherapy. 

(g) DNA array analyses of gene expression: will it be 
useful? How to collect proper mRNA? Can mRNA extracted 
from microdissecled cells obtained at bronchoscopy be globally 
amplified and still remain representative of RNA present in sittt? 

Biology of Lung Carcinogenesis and Potential Early 
Detection Markers 

Lung cancer is the end- stage of multiple- step carcinogen- 
esis, in most cases driven by genetic and epigenetic damage 
caused by chronic exposure to tobacco carcinogens. The genetic 
instability in human cancers appears to exist at two levels: at the 
chromosomal level, including large scale losses and gains; and 
al the nucleotide level including single or several base changes 
(29). Lung cancers harbor many numerical chromosomal abnor- 
malities (aneuploidy) and structural cytogenetic abnormalities 
including deletions and nonreciprocal translocations (30). Al 
least three classes of cellular genes are involved: proto-onco- 
genes, TSCs, and DNA repair genes. Oncogenic activation often 
occurs via point mutations, gene amplification, or chromosomal 
rearrangement, whereas TSGs are classically inactivated by the 
Joss of one parental allele combined with a point or small 
mutation or aberrant meihylation of a target TSG in the remain- 
ing allele. Additionally, dysregulated gene expression (either 
increased or decreased expression) can occur by other, as yet 
unknown, mechanisms (30). Present studies have not yet con- 
firmed a prominent role for abnormalities of DNA repair genes 
in lung cancer. 

Preneoplastic ceils contain several molecular genetic ab- 
normalities identical to some of the abnormalities found in oven 
lung cancer cells (fig. 2). These include allele loss at several 
loci (3p, 9p : 8p, and I7p\ mxc and ras up-regulation, cyclin Dl . 
ovcrexpression, p53 mutations, and increased immunoreactiv- 
ity, bcl-2 ovcrexpression and DNA aneuploidy (31-35). Alle.Io- 
typing of precisely microdissecled. preneoplastic foci of cells 
suggests that the earliest changes in the bronchial epithelium is 
allele loss at chromosome regions 3p, then 9p, 8p, I7p : 5q : and 
then rns mutations (36-39).Thc biological meaning of LOH is 
only vaguely understood. Recent evidence suggests that LOH 
may be a consequence of mitotic recombination, thai there is 
only infrequent physical loss of genetic loci, and that LOH 
probably precedes chromosomal duplication HO). Allelic loss 
would thus be significant primarily in the presence of mutation 
in the retained allele, rind gene dosage would not be expected to 
twen a phenoiypic effect in LOH. Some reports have indicated 
that nn activation occurs at early carcinoma stages (34). His- 
tologically normal bronchial epithelium adjacent to cancers has 
also been shown ro have certain genetic losses. Atypical ade- 
nomatous hyperplasia, the potent in I precursor lesion of adeno- 
carcinomas, often have Ki n™ mutations ('I I), 
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Fig. 2 Sequential changes during lung cancer pathogenesis. Although multiple genetic markers are abnormal in lung cancers, their appearance during 
the Jcngihv preneoplastic process varies. The timing of the appearance of these changes has been investigated m bronchial preneoplasia, because 
sequential sampling of the peripheral lung is technically difficult. Several alterations have been described in histologically normal bronchial epithelium 
of smokers. Other changes have been detected in slightly abnormal epiibctium (hyperplasia, metaplasia) which we da not consider to be true 
premalienant lesions. These changes are regarded as early changes. Molecular changes detected frequently in dysplasia are regarded as intermediate 
in timing, whereas those usually detected ai the CIS or invasive stages are regarded as late changes. It should be stressed that although there is a usual 
order, exceptions legarding the timing of onset may occur. Some changes are progressive, such as chromosome 3p deletions. Thus small discrete 
changes are present early, progressively become more extensive during pathogenesis, and frequently involve all or almost all of the arm in CIS 
samples. Alihough allelic Joss at the TP53 locus may precede the onset of inutarions, data on this sequence are scant. Dysregulation of the RNA 
component of telomerase |wjih its appearance in noobasal cells) is an early event, whereas up- regulation of the gene is a i datively late event. 
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Molecular changes have been found nol only in the lungs 
off patients with long cancer, but also in the inngs of current and 
former smokers without lung concer (18. 42. 43). These obser- 
votions are consistent with the multistep mode! of carcinogen- 
esis and "field rnnccrizaiion" process, whereby the whole region 
is jcpc3tcdly exposed to carcinogenic damage (tobacco smoke) 
and is at risk for developing multiple, separate, clonaljv unre- 
lated foci of neoplasia. The widespread aneuploidy that occurs 
throughout the respiratory tree of smokers supports this rheory 
(*14>. However the presence of the same somatic p33 point 
mutation at widely dispersed preneoplastic lesions in a smoker 
without invasive lung cancer indicates J hat expansion of a single 
pioeeniior clone may spread throughout the respiratory tree 
MS). 'Ihese molecular alterations might thus be important 
targets tot use in the catlv detection of luiui cancer and (or use 
as surrogate biomatkers in the follow- up of c hem*. prevention 



studies. Detection of these mutant cells should be possible with 
the different molecular techniques in accessible specimens. The 
prospects of diagnosing these biological abnormalities in mul- 
tiple types of clinical specimens are discussed below. 

Specimens for C Unicoi T Citing: Sputum 

Since the 1930s, cylological examination of sputum h3s 
been used for the diagnosis of lung cancer- (*I6). Cylological 
examination of sputa, especially multiple samples, is helpful for 
the detection of central nnnois arising from the larger bronchi 
(p.£., squamous cell- and small cell carcinomas). Exfoliated 
cells from peripheral tumors, such as adenocarcinomas, arising 
from i he smaller airways (small bronchi, bionchioles. and ahx- 
oli). especially those less than 2 cm in diametei, can be detected 
only occasionally in sputum samples. This has become of 
pealei impoi lance because the changes in cigarette reposition 
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(filters and decreased nicotine content) have created an increase 
in adenocarcinomas and a decrease in squamous carcinomas 
(47-49). The sensitivity of sputum cytology for earfy lung 
cancer is only in the 20%-30% range from screening studies, 
but by adhering to proper specimen collection, and processing 
and interpreting criteria, the yield can be substantially improved 
(50, 51). The data on the reliability of the sputum are conflicting 
(52-54). Browman et ah (52) reported inlerobserver agreement 
of 68% for exact and 82% for within - 1-category. HolJiday et 
ah (54) reported low agreement within observers (27- 60%) and 
across observers (13-50%). Within - 1 - category intraobserver 
agreement underwent a two- or 3* fold increase in agreement, 
which was also the case for inlerobserver agreement. The var- 
iation in intra- and intcrobserver agreement seems to depend on 
experience among the cytotechnicians/cytopathologisls and the 
composition of categories studied. A higher degree of agreement 
is obtained for higher grades of dysplasia (54). Risse et ah (55) 
showed that the ability to detect premalignanl conditions is 
dependent on the number and type of cells present in the deeper 
airways, suggesting a mode of improvement lhat is unrelated to 
observer reliability. MacDbugall et a}. (56) concluded (hat spu- 
tum cytology was too insensitive and insuffrcien fly accurate to. 
be included in the routine work-up of any patient suspected of 
having lung cancer. To improve the reliability of sputum cytol- 
ogy examinations a simplification of the diagnostic categories 
from .6 (normal; squamous metaplasia; mild, moderate, and 
severe atypia; and carcinoma) to 2-3 categories have been 
proposed (54). Future clinicopathologica) studies will be re- 
quired to validate this concept. 

To improve the sensitivity of spurum examination as a 
population-screening tool for the detection of early lung cancer, 
several approaches are currently under development. 

Immimostaining. Annual sputum specimens obtained 
from individuals screened at Johns Hopkins were obtained, and 
the patients were monitored for 8 years (57). Because the 
clinical outcome of these patients was known, archival sputum 
specimens were screened for the presence of biomarkers that 
could indicate the presence of lung tumors in an eatly. preinva- 
sive stage. In an attempt to distinguish the pattern of marker 
expression Tockman et ai. f53) studied two monoclonal anti- 
bodies. Positive staining predicted subsequent Jung cancet ap- 
proximately 2 years' befoie clinical recognition of the disease, 
with a sensitivity of 91% and a specificity of 88% (58). One of 
these antibodies (703 D4) had a higher sensitivity and was later 
identified as recognizing hnKNP A7/B1 (59). The >role of 
hnRNP A2/B1 ovcrexpression for detecting preclinical Jung 
cancer has been studied in a laige high-risk population including 
6000 Chinese tin miners who were heavy smokers and who had 
an exhaordinary rate of lung cancer (60). The results from. this 
study indicated that detection of hnRNP A2/B1 oveiexpiession 
in sputum epithelium cells was 2- to 3- fold mote sensitive for 
detection of lung cancer than standaid chest N-iav and sputum 
cytology methods. The method was particulaily effective in 
identifying early disease (60). The sensitivity was 7-1% tvr.wi 
?}% for cytology and 42% lot chest X-ray. However, the 
hiomaiker had a lower specificity t70%) compared with cvtol- 
ocy |)00%> and chest radiograph (90%). An ongoing clinical 
trial is evaluating the performance ol the A2/B1 protein as a 
biornaikcr for the early detection ol SJM.C. "I he patients :tt risk 



for SPLC have the highest incidence of lung cancer (2-5%) 
among asymptomatic populations (61). In this trial, 13 SPLCs 
were identified by A2/BI, and the sensitivity and specificity 
were 77-82%. and 65- 8 1%, respectively. Among the cases 
. identified as positive by immujrocytochemisrry and image cy- 
tometry, 67% developed SPLC within 1 year (62). Whereas the 
previous immtuiocytochenristry studies on material from the 
older screening material from the NCI-supported screening 
studies were made on spurum cells cylologically classified with 
moderately or gravely atypical metaplastic appearance, (he latter 
studies have been done on cylologically. "normal appearing" 
cells. More recently Sueoka et ah (63) reported the confirmation 
of the value of overexpression of hnRNP A2/BI to delect 
preclinical lung cancer in Japan. Efforts to improve the sensi- 
tivity of hnRNP markers are ongoing (64). . 

PGR Techniques. PCR techniques have been used for 
the evaluation of molecular biomarkers for early lung cancer 
detection. In a pilot study with selected patients from the Johns 
Hopkins Lung Project (JHLP), 8 (53%) of 15 patients with 
adenocarcinoma or large cell carcinoma were delected by mu- 
tations in sputum cells from 1 to 13 months before clinical 
diagnosis (65). However, the method seemed to be less sensitive 
than the protein marker described above, and the identification 
of specific gene abnormalities is further limited by the need to 
know the specific mutation sequence with which to probe the 
sputum specimens. Currently, this approach is not practical for 
screening undiagnosed individuals. Future advances in gene 
chip technology may permit testing for all possible mutations of 
common oncogenes and TSCs in clinical specimens of asymp- 
tomatic individuals (62). 

Microsatellite markers are small repeating DNA sequences 
found in the noncoding regions of a gene. PCR amplification of 
these repeal sequences provides a rapid method for assessment 
of LOH and facilitates the mapping of suppressor genes (66. 
67). Microsatellite alterations are extension or deletions of these 
repeated elements. Detection of microsatellite alterations in 
histological or cytological specimens may facilitate the detec- 
tion of clonal preneoplastic or neoplastic cell populations. Al- 
though the detection of microsatellite alterations does not indi- . 
cale the specific genetic change in the rumor, detection of clonal 
eel) populations might serve as a cancer screening marker (65). 
Identical alterations have been found in lung cancets and cor- 
responding spurum samples demonstrating minimal atypia (68). 
"the p}6 gene is located on the short arm of chromosome 
9(9p21) and is frequently mutated or inactivated in mmors and 
cell lines derived from lung cancer (69. 70). Bclinsky et ah (71) 
measured hypcrmeihylatjon of the CpG islands in the sputum of 
lung rancer patients and demonstrated a high con elation with 
early stages of non-small cell lung cancer, which indicated that 
pi 6 CpG hypermethybiion could be useful in the prediction of 
future lung cancer. However, prospective studies ate needed to 
evaluate the lole of pi 6 hypcnnethvlatrtm as a marker for eatly 
lung cancer detection. Multiple other genes are inactivated by 
hypermethylation in lung cancer (72), and the detection of 
hypeimethvlation m:iy be useful for risk assessment and enrlv 
diagnosis. 

Cuinpuin -assisted Image Analysis. Computer- assisted 
image analysis was initially used to dirtect malignancy- associ- 
ated changes ie g.. subvisnal or nonubviour. changes in the 



CKmcal Cancer Research 



distribution of DNA in the nuclei of histologically normal cells 
in the vicinity of preinvasive or invasive cancer; 73). In a 
retrospective analysis of sputum cytology slides, malignancy- 
associated changes alone correctly identified 74% of the sub- 
jects who later developed squamous cell carcinoma (74). The 
technique has been improved, and recent data showed sensitiv- 
ities of 75% for stage 0/} lung cancer and 85% for adenocarci- 
nomas with a specificity of 90% (75). This quantitative micros- 
copy technique allows the examining of thousands of cells per 
slide within a relative short time. Similar techniques have been 
approved in the United Stales for cervical cancer screening, and 
might, in the future, play a role for lung cancer screening. 
However, no prospective clinical studies has evaluated this 
technology in a larger lung cancer screening setting: 

High Throughput Technology. With future advances in 
£ene chip, technology, it might become feasible to probe for 
expression of multiple genes in sputum specimens of asymp- 
tomatic individuals. However, this requires a large amount of 
undegraded RNA from respiratory tract cells. Wiib the high 
throughput technology, a higher sensitivity might be achieved 
by using' multiple markers at the cost of achieving a lower 
specificity, which would be undesirable for a screening study. 

In conclusion, we need lo reevaluate the role of sputum 
cytology for screening and early detection of lung cancer be- 
cause of advances in biomarkers and technology. Ongoing stud- 
ies with standard and biomarker analysis in high-risk groups 
might change the previous negative attitude and provide a new 
perspective on sputum cytology as a mass screening tool when 
applied in a high-risk population. Adding different molecular 
diagnostic tests gives the possibility for early diagnosis far in 
advance of clinical presentation. However, validation of the 
tests in larger prospective studies is necessary, and the individ- 
ual tests have to be compared with each other to define the role 
of earjy diagnosis in the overall management of high-risk sub- 
jects. Furthermore, health economic issues have to be consid- 
ered. 

Specimens far Clinical Testing; BAL 

BAL involves the infusion and rcaspiralion of a sterile 
saline solution in distal segments of (he lung via a fiberoptic 
bionchoscope. Ahrendt t>i ai. : (76) examined a series of 50 
resected nomSCLC tumor patients and compared the tumor and 
BAL with regard to molecular maikers including p53 mutations, 
K-ras mutation, the mcthylaiion status of the CpG island of the 
p/6 gene, and microsatelliie alteration (Tables I and 2). Wiih 
the possible exccpiion of the test for microsatelliie alteration, all 
of the lesis had relatively (rich sensitivity and could detect 
mn tan i cells in the presence of a large excess of normal cells. 
The frequencies of these changes in the rumors ranged from 
27% f for K-ras mutations) lo 56% f for p53 mutations). As 
expected, p53 mutations were more frequent in central (predom- 
inantly- squamous cell) lumois. and K-ras mutations were more 
frequent in peripheral (predominantly adenocarcinoma) tumors. 
The specificity was high I neatly 100%) because, wiih the ex- 
ception of mir rosatt Uite alterations, the same genetic change in 
BAL sample as in fumois was always found, but the sensiiixirv 
was km. and in only 53% of tumots that contained molecular 
lesiuns were the same abnormalities detected in corresponding 
BAI. fluid.-;. Specifically, the tests were least helpful in the 



group of patients in whom improved diagnostic abilities are 
most needed, those with small, peripherally located tumors (77). 
Unfortunately, the investigators were not able to compare the 
molecular tests with routine cytopathological analysis of the 
BAL specimens. The sensitivity of the molecular tests in BAL 
specimens has to be improved, and we need to know the results 
from subjects at increased risk (current and former smokers 
without lung cancer and survivors of previous cancer of the 
upper respiratory tract) and subjects with chronic lung diseases 
as well as results from healthy never smokers. 

A European group has previously shown that generic al- 
terations detected in DNA from bronchial lavage of individuals 
with lung cancer were also found, in individuals with no evi- 
dence of malignant disease (78), which raises the question about 
the specificity of such molecular damage in neoplastic condi- 
tions. To improve the sensitivity and specificity of detecting 
allelic imbalance in lung tumors, high throughput PCR-based 
microsateJIite assays have been established (79). )n a recent 
study by Fielding etal (80), the up-regubtion of hnRNP A2/B1 
was found to be a promising marker in BAL for the detection of 
premalignant and malignant bronchial lesions with a diagnostic 
sensitivity of 96% and a specificity of 82%. 

It is too early yet to make conclusions as to whether BAL 
examinations will add to other pathological/molecular biologi- 
cal clinical studies. To obtain diagnostic material for BAL 
bronchoscopy is required, and we do not have any data that 
compare BAL examinations with biopsies. Thus, we do not 
know whether BAL is a valuable adjunct lo the biopsies taken 
under the same bronchoscopy procedure. 

Specimens for Clinical Testing: Peripheral Blood 

For many years scientists have searched for a lung cancer- 
specific rumor marker thai could be delected in peripheral blood. 
Optimism was raised in the "early" immunocytcxrhemisiry era 
by the use of monoclonal antibodies raised against more-or-less 
specific epithelial epitopes. In Ihe search for epithelial cells in 
peripheral blood and bone marrow, monoclonal antibodies 
against cytokeratin have been used. However, these reactions 
are clearly not cancer-specific, and some antibodies have been 
shown io cross react with normal blood or bone marrow ele- 
ments (81, 82). Another explanation could be that cells from the 
macrophage/monocyte system may contain proteins derived 
from the primary tumor .that have undergone . necrosis and 
apoptosis and that ihese processed proteins are recognized by 
ihe antibodies (82). On the basis of "traditional" tmmimocyio- 
chemistry. no markers have been able lo delect piemalignani ot 
early. malignant disorders based on a peripheral blood sample. 
However, with the development of DNA technologies, new 
possibilities have been raised, and, with the use of PCR tech- 
niques, some promising reports have been published. 

Nanogram quantities of DNA circulating in blood arc pies- 
em in healthy individuals (S3, 84). Tumor DNA is also released 
into the plasma component in increased quantities (83. J>o). 
Thus, ihe plasma and serum of cancer patients is enriched in 
DNA, an average four times the amount of free DNA as com- 
pared with normal controls (87). In a study by Chen et rJ iSST 
a comparison of miciosatejlile alterations in tumoi and plasma 
DNA was done in SCLC patients, and 93?'* of the patients with 
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Table I Tissues and other resources for the study of molecular markers <- 


Specimen 


Ref. 


Coromenis 


Tumor tissue 


Numerous 


Mature of cell types, may require mkrodissection (139). Extensively used 
lor roost s routes. A/conoMixea nne-neeare aspirates may oe usea ror 
mutational arid other studies. 


Sputum 


65, 68, 71,74 


Respiratory cells usually in small minority. Most samples fixed in. 
"Saccomanno's fixative. Several studies have been performed on these 
specimens many years later. 


Surrogate organ 


140 


Predominantly squamous epithelial cells. Buccal smears; broshings of 
tongue or tonsil may be eapiorcd as potential surrogate organs resulting 
from the field effect of tobacco damage of the entire upper .. 
aerodigeslive tract. This concept needs to be confirmed. - 


oroncniai diumi/ wumi 


' J4I 14? 141 


Predominantly respiratory cells. Fresh, frozen, or alcohol-fixed samples arc 
suitable for multiple studies including FISH.* 


Bronchia) tissues 


42, 43, 45, 144, 145 


Usually from bronchial biopsies, but may be obtained from surgical 
resection specimens. Formalin fixation and paraffin embedding required 
for histological diagnosis, although EASI preps may permit 
identification and isolation of subpopulations. Paraffin sections may be 
useo ror genorypmg poi y rnorpn i a 1 1 13, 101 iiiicioiyiJiiig, jiiu iui in jiiu 
hybridization. 


BAL fluids ' 


76, 78, 146, 147, 148 


BAL fluids are useful for examining the peripheral airway cells, which are 
the precursor cells of most adenocarcinomas. Numerous mononuclear 
cells present. Enrichment of epithelial cells desirable. 


Blood components 


72, 92, 149 

1 


Analysis of circulating tumor cells and genetic material shed by dying 
tumor cells into the plasma component may yield useful biological and 
diagnostic information. Gene mutations and presence of epithelial cell 
mnrtrr«: ha vr hrrn uvft lf> delpcl cuculatinp tumor celts Gene 
mutations, allelic loss, microsatellite alterations, and aberrant 
methylation have been used to identify tumor cell DNA released into 
the fluid compartment. 


Tissue for molecular singing 


150, 151 


Although little data eirsts for lung cancers, regional lymph nodes, sentinel 
lymph nodes, and surgical resection margins have been used in other 
rumor types for molecular staging. 


Tumor cell lines 


152, 153 


Provide an unlimited self-replicating source of high-quality molecular 
reagents and have been used for . numerous studies. Cell lines may or 
may not reflect the properties of the tumors from which they were 
derived (26). although they probably represent cellular subpopulations 
(27). Aggicssive metastatic tumors are more likely to be successfully 
cultured {28) resulting in skewed data. 


Cultures of nonmalignanr tissues 


154. \bb 


Epithelial cultures may be useful for studying molecular changes during 
multistage pathogenesis. Temporary as well as a few immortalized 
cultures from nonmalignant epithelial cells have been established. 
B-lymphoblastoid cultures arc useful for linkage analysis, for genctk 
suspcctibility studies, and for alleloryping corresponding tumors. 


Nonma lignanl tissue from pa 1 rents 
and from cancer- free relatives 


156, 157 : 15S 


Tissues such as buccal smears, tumor- free lymph nodes, and peripheral 
blood mononuclear cells arc useful as controls for linkage analysis, for 
genetic susceptibility studies, and for alleloryping corresponding tumors. 



" FISH, fluorescence in miu hybridization; EASI. epithelial aggregate separation and isolation. 



microsatellite a her a turns in tumor DNA also had modifications 
in the plasma DNA. However, some patients had LOH only in 
the tumor DNA. Because most of the iniciosatclJhc alterations 
were si mi hi in rum 01 DNA and plasma DNA. they conclude J 
that some of the DNA circulating in the blood comes liom the 
tumor. Thus, modifications of circulating DNA can be used as 
r;n cariv detection marker. Detection of aberrant DNA methyl- 
a Hon in scrum DNA in patients with non-.SCi.C has been 
reported (72). Although the numbet of patients was small and 
the hvpermcthylated DNA was found in all stapes, it opens up 
for lire possibility 10 be used as an eaily lung cancel detection 
marker. Further mote. p}5 ant! ras pene mutations have been 



detected in the plasma and serum of patients with coloiecta) 
cancers (89~9I) ; pancreatic carcinomas (92, 93), and hemato- 
logical malignancies (94). 

In conclusion, the limited direct accessibility of lung car- 
cinomas has led to efforts to identify tumor associated soluble 
markers in serum 01 plasma. Many of the currently recognized 
soluble markers were lust identified as "tumor" markers but. 
when evaluated in nonneoplastic tissue, have often been found 
in normal cells as well as in tumors. For early detection oJ lung 
cancer, we need mote clinical data evaluating these new molec- 
ular biological markets fiom multiple sites, especially in high- 
risk croups. 
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Table 2 Molecular approaches for lung cancer investigation 



Specimen 



Ref. 



Gene mutations 



Allelotyping 



159, 160, 161 



18, 158 



Gene expression at RNA 
and protein level 



145, 162, )63 ; 164, 165, 166 



Molecular cytogenetics 



Comparative genomic 
hybridization 

Morpbomciric studies 



40. 167. 168. 169. 170 



171, 172 



74. 173; 174 



Commenl 



Widely used technique, especially for p53 and rar genes. Often used 
to determine the r6Ie of a newly discovered gene in the 
• pathogenesis of lung cancer. May be of diagnostic and prognostic 
significance. Multiple methodologies available. „".. 

Useful as a partial substitute for mutational analysis and for . 
determining the chromosomal locations of putative rumor 
suppressor genes. Widely used to study multistage : pathogenesis. 
Readily performed on formalin- fixed. and microdissected tissues. 
Increasing use of gcnolyping using automatic sequencers. 

Northern blotting and reverse transcripiion-PCR are widely used lo 
investigate gene expression. Western Wotting ofien used for- 
detection of protein expression, h siru hybridization for message 
expression can be performed on paraffin-embedded tissues and, 
thus, can be used to investigate multistage pathogenesis. ' • 
Microarray techniques offer promise of examining all or most of 
the genome but currently require relatively large amount of high-, 
quality RNA from purified cell population^ Sage technique useful 
for investigation and identification 'of expressed genes. Similarly, 
advances in proteomics will permit simultaneous detection of 
multiple proteins. Numerous immunohistochemical studies of 
. oncogene expression have been used to study multistage 
pathogenesis. Of particular interest, hnRNP expression on 
exfoliated epithelial cells in sputum samples may predict for 
development of cancer. 

In siru hybridization studies of fixed materials or using smears has 
provided considerable information about numerical and structural 
changes. 

Useful for detection of gene amplifications. Less sensitive for the 
detection of regions of allelic loss. 

May be applied to paraffin-embedded tissues. Useful for determining 
■ aneuploidy and for measuring a number of nuclear and 
cytoplasmic parameters. . 



Specimens for Clinical Testing: Bronchoscopy 

WLB is the most commonly used diagnostic tool for ob- 
taining a definite histological diagnosis of lung cancer. Bron- 
choscopy has majoi diagnostic limitations for premalignant le- 
sions. Because these lesions ate only a few cells thick (0.2-1 
mm) and have a surface diameter of only a few millimeters, they 
rarely are observed as visual abnormalities. Woolnei (95) re- 
ported that squamous cell CIS was visible lo experienced bron- 
choscopists in only 29% of cases. To address this limitation, 
fluorescence bronchoscopy was developed.. Early studies of 
fluorescence bronchoscopy entailed the use of fluorescent drugs 
(hemaloporphyrin dyes) that were preferentially retained in ma- 
lignant tissue (96). Although, studies evaluating this approach 
did. rn fact, show that early invasive and in .w'm cancets could be 
localized, the detection of dysplasia irmaim d problematic (97- 
100). Furthermore, the development of photodynamic diagnos- 
tic systems was hampered by problems including skin photo- 
sensitizing and inter iei erne with tissue autofluorescence. To 
overcome these problems, n new laser photodynamic diagnostic 
system was developed (101). This system detected rum or - 
specific drug fluotcscence at 630 nm wavelength, which is far 
from normal tissue autolluoiesrence (MjO-oSO nm). and inter- 
ference by autotluoicscence from norma! tissue should then 
have been eliminated, but it re ma inc. I a significant problem 



Another approach was developed by Palcic et ol (103), 
who noticed the lack of autofluorcscence in the rumor lesions by 
using blue light (442 nm) rather than white light to illuminate 
the bronchial surface. 7 bey amplified the difference in autofluo- 
rescence between normal, ptcmalignant, and tumor tissue for 
clinical use (I03 : 104). Using, a high- qualify- charge coupled 
device and special algorithm, the LIFE was developed, taking 
advantage of the principle that dysplastic and malignant tissues 
reduce auiofluorcsccni signals compared with normal tissue 
(Fig. 3). 

Several studies have been perfotmed comparing the diag- 
nostic specificity and sensitivity of LIFE bionchoscopy versus 
WLB in diagnosing preinvasive and eaily-invjsive lesions 
(105-109; Table 3). Most of the studies reported a higher 
diagnostic sensitivity of DFJE bronchoscopy in the detection 
premalignant and early-malignant lesions ol the cost of lower 
specificity (»>., more false- positive results). In most of these 
studies, lesions with moderate dysplasia or worse were the taigct 
of the study and rated as "positive."' The prevalence of prein- 
vasive and early lun*: cancer varies widely from one study to 
another from 20.2% (105) to 65.8% 1102). The explanation 
might be beyond the risk profile of genetic variations Of differ- 
ent levels of experience among the endoscopists as well as the 
pathologists involved, furthermore, there seems to be a training 
el feet in using the LIFE bronchoscope, which has been demon 
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f* 3 A, WLB ,nd norma! LIFE bronchoscopy. «, WLB show, infb.nma.orv changes in rhe biorahul mucosa but no suspicion ol 



straied by Veninans et at. (J 07). In their shirty, the diagnostic 
sensitivity increased from 67 to 80% when comparing the fust 
and the second half of the study. The use of the LIFE device in 
conjunction with WLB unproved the detection (ate of preneo- 
plastic lesions ami OS significantly ( fable 3). Kurie et ni (106) 
looked for more subtle tissue trans formation, but their study 
included few patients with moderate dysplasia or worse. No 
improvement in the evaluation of metaplasia index was oh- 
served by the use of LIFE bronchoscopy. Thus, differences in 
the study population might explain ibe different conclusion. 
Thete are still no clinical studies with sufficient long- term data 
sbou ing thai moderate dysplasia is the most relevant clinical 
piethrloi of eventual malic nancy. Limitations in making con- 
clusions from the existing studies are also the potential rneth- 
odologica] bias iebtcd to the order in which the. different bum- 
cltOM-opy procedures are done and whether the same examiner 
has performed both procures. To address these issues, a 



prospective randomized study between LIFE bronchoscopy and 
WLB was done at the University of Colorado Lancet Center. 
The study design included a randomization with regard to the 
order of procedure as well as the order of the individual bron- 
choscopist ( JO 1 )). The order of the procedure and of the indi- 
vidual bronchoscopist did not affect the results. The study also 
demonstrated a significantly higher sensitivity in detecting pre- 
malijfjn.mi lesions visualized by the LIFE, but at the cost of a 
lower specificity (J0I>). The reason for the tow diagnostic spec- 
ificity found with the LIFE bronchoscopy in ihc different studies 
might be attributable to the visualization of more abnoirnal foci 
wjrh the LIFE bronchoscope, with the consequence that a hugri 
mimbet ol biopsies were taken and. thus, there was :; Inr-her risk 
of more false-positive results. The use of i.'lfl; hn>m hoscopv 
has led ro the identification of a new moipholngH a! entity, rhe 
ASO. w hich is described above. In a recent morphological study 
aniMiH.vsprasiic changes were frequently found m preneoplastic 
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Fig. 4 Seventy-one- year-old man .with a sptcular nodule in upper left 
Jobe demonstrated on low-dose helical CT (picture), but not visible on 
chesi X- radiography. CT- guided biopsy showed adenocarcinoma. 



and early- malignant lesions in the bronchi (26). The morpho- 
logical entity has been confirmed in preneoplasias among smok- 
ers, and the perspectives of this finding have been extensively 
discussed (110). The prognostic significance of this morpholog- 
ical entity is currently studied in ongoing long-term follow-up 
studies. Future studies have to evaluate the role of ASD as a 
biomarker for early lesions and whether it can be used as a 
marker for treatment effect or therapeutic target for chemopre- 
vention. 

The LIFE bronchoscope may play an important role in the 
screening and follow- up of subjects at high risk of developing 
Jung cancer. At this stage, however, it is unknown whether the 
LIFE bronchoscope will lead to a reduction in lung cancer 
mortality. There are also no data on cost- effectiveness and 
cost -benefit analyses available for this new diagnostic proce- 
dure. The use of the LIFE bronchoscope may also in the future 
be extended to other indications, e g., patients staged as having 
resectable Jung cancer on one side. Whether LIFE bronchoscopy 
of the contralateral lung will disclose abnormalities, which 
would change the therapeutic decision, is not yd reported. . 

flee en I Advances in KmJiology 

The previous NO-sponsored screening trials failed to dem- 
onstrate any reduction in the lung cancer mortality by sputum 
cytology and yearly chcsl radiography 3S mass screening tools 
for lung cancer screening. Limitations of design and execution 
of the studies, however, have been discussed extensively (8. 
111. 112). An extended follow- tip '(median. 20.3 years) of the 
Mayo Lung Project was recently published (113). There was 
still no diffeience in lung cancer mortality between the inter- 
vention ami and the control arm versus 3.9 deaths per 1000 
person-veais). However, the median survival for patients with 
rc sec led early- stage disease was 16.0 vents in the intervention 
arm versus 5.0 veais in the usual- rare arm {P < O.05). The latter 
findings have raised the question ns to whether some small 
lesions with limited clinical relevance rnav have been identified 
in the intervention ami. arid the question el "over diagnosis" was 
discussed in accompanying editorials 1 1 l *J 



Mass screening for lung cancer has been performed in 
Japan for many years and has been performed in over 500,000 
. people in about 80% of the local communities (1)5). Sobue et 
at. (116) observed thai annual clinic-based chest X-ray screen- 
ing for lung cancer in Japan showed reduced hing cancer mor- 
tality by about one-fourth among individuals- who. underwent 
screening once a year. In this screening program, the relative 
odds ratio of dying from hing cancer within 12 months was 
0.535 and in the 12-24-month period was 0:638 (1 17). How- 
ever, many studies have focused on the pitfalls in the detection 
of abnormalities by radiography (1 18— 122). The limit of chest 
radiographic sensitivity for nodule detection is roughly 1 cm in 
diameter, by which time the rumor has over 10? cells and may 
already have violated bronchial epithelium and vascular epithe- 
lium. CT has been shown. to be more effective in the detection 
of peripheral hing lesions compared with plain radiography or 
conventional tomography of the whole lung (123, 124). 

Spiral CT scan is a relatively new technology with the 
. ability to continuously acquire data resulting in a shorter scan- 
ning time, a lower radiation exposure, and improved diagnostic 
accuracy compared with those of plain radiography (125-127). 
Spiral CT allows the whole chest to be imaged in one or two 
breath-holds, reducing motion artifacts and eliminating respira- 
tory misregistration or missing nodules. Although there is 
greater radiation exposure with CT than with chest radiography, 
low-dose techniques (lower mA of 30-50 compared with 200 
for conventional CT) have achieved calculated exposure doses 
that are 17% that of conventional CT and 10 times that of chest 
radiographs. Further reduction in radiation dose while maintain- 
ing diagnostic accuracy is a topic of current research. Further- 
more, for the baseline screening, low-dose spiraJ-CT-scan i.v. 
contrast is not administered. Nodules as small as 1-5 mm can be 
shown with modern spiral CT technology (25. 128). The obvi- 
ous advantages with this new technology led some groups in 
Japan and in the United Stales to look to low-dose spiral CT as 
a tool for screening (Refs. 129-131; Tables 4 and 5). 

In a Japanese report, spiral CT scans and chest radiographs 
were done twice a year in 1369 individuals (129). Peripheral 
lung cancer was detected in 15 (0.3%) of 3*157 examinations, 
and, among the 15 lung cancer cases detected, the results of 
chest X-ray were negative in 1)(73%), and the tumors were 
detected only by low-dose spiral CT. The detection rates of 
low-dose spiral CT and chest X-ray were 0.43% (15 of 3457 
examinations) and 0.12% (4 of 3457 examinations), respec- 
tively. Furthermore, 14 (93%) of the J 5 lung cancels were stage 
1 disease. The histology showed that II of the 15 lung cancer 
cases were adenocarcinoma, and <1 had squamous cell carci- 
noma. The effective exposure dose with spiral CT scan in .that 
study was calculated to about one- sixth that of conventional CI. 

The ELCAP in New Y ork was designed to determine-, (a) 
the frequency with which nodules were delected; (/)) the fre- 
quency with which detected nodules represent malignant dis- 
ease; and (r) the frequency with which malignant nodules are 
curable 1 13)). In the EL CAP snidv. 71 lung cancers were found 
among 1 000 subjects screened. Among the 27 patients with 
cancer. S5% had stage 1 disease I Table 5). 

Another population- based stud}' on low- dose CT screening 
has been published by Seme .7 nl 1 1 30 ). using a mobile low- 
dose spiral CT scannei The detection tate was U.*18% (/.r., -1-5 
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Author 



Lam etai (105) 
Kurictf fl/*(J06) 
Venmans et at (107) 
Vermulen e/ at. (108) 
Kennedy er n/. (109) . 



Tabic 3 Bronchoscopy versus WLB in diagnosin g premalignanl and early-malignant lesions 
Sensitivity Specificity 



Predictive v ah) cs 









Relative 








Relative 


PPV 


NPV 


No. of 


LIFE+ 


• 


sensitivity 


LIFE+ 






specificity 


LIFE+ 


LIFE* 


biopsies 


WLB 


LIFE WLB LIFE+WLB 


WLB 


LIFE WLB LIFE+WLB 


WLB 


WLB 


700 


0.67 


NR 0.23 


63(2.77 . 


0.66 


NR 


0.90 


NR 


033 


0.89 


234 


NR 


0.38 NR 


NR 


NR 


0.56 


NR 


NR 


NR 


NR 


139 


NR 


0.89 0.78 


L43 


NR 


0.6! 


0.88 


NR 


0.20 


NR 


172 


0.93 


NR 0.25 


3.75 


0.2) 


NR 


0.87 


NR 


0.13 


0.96 


394 


0.79 


0.72 0.18 


4.4 


03 


0.43 


0.78 


0.38 


0.2! 


0.85 



PPV NPV PPV NPV 
LIFE LIFE WLB WLB 



NR 
0.16 
0.14 
NR 

0.25 



NR 

0.8! 

0.99 

NR 

0.87 



039 

NR 

032 

0.19 

0.17 



0.83 
NR 
0.98 
0.90 
0.80 



" PPV, positive predictive value; NPV, negative predictive value; NR, not reported. 
b Based on reference pathologist. 
* If invasive carcinoma is included. 



Table 4 Results from three population-based screening studies with low- dose spiral CT (LDCT) 



Authors 


t- ; — 

No. of individuals 
studied 


True 
positive n 


False 
positive" % 


Predictive 
value % 


Detection rate % 
LDCT . X-ray 


Pack-yr 


Age incl. 

y* 


Kanekoe/oA (129) 
Sonc etol. f 130) 
Henschket-i of. (131) 


1369 ■ 

3967 

1000 


15 
19 
27 


15.6 
5.0 
20.1 


6.6 
8.8 
11.6 


0.43 
0.46-0.5 
2.7 


0.12 
0.70 


>20 
>30* 

>irr 


>50 
40-74 
>60 



*The study also included a group of noosmokers. 
r Average - 45 (not reported in the other studies). 



Table 3 Histology, stage, and size of primary lung cancer detected by low- dose spiral CT 



Authoi 



No. of cancers/ 
No. scicened 



Histology % 



TNM % 



Size (mm) 



Adeno" Squam. Other I II 111 IV Average Range <10 11-20 >21 



Kancko.er of. (129) 
Sone et of. (130) 
Hcnschke et at. ()3I) 



15/1369 (1-1%) 73 . 17. 
19/5-183 (0 3%) "63' 5 32 

27/1000 (?.7%) 67 .3 30 



93 
84 
85 



7 
1) 



16 



12 
17 



8-18 
6-47 



4 
15 



14 

8 



Adeno, adenocarcinoma; Srjuam., squamous cell carcinoma; TNM, rumor-node-metastasis. 



cases per J 000 examinations). Surprisingly, there was no dif- 
ference in the detection rate among smokers (0.52%) versus 
nonsmokcts (0.46%). The results fiom the three population- 
based studies are summarized in Tables 4 and 5. The conclusion 
from these studies is that 85% of the. lung cancers detected by 
low-dose CT were in .stage I, offering improved possibility for 
curative treatment and better prognosis in general. However, the 
issue of "false- positive" scans has to be taken into consideration. 
Thus far. up to 20% of the participants with nodules on (he scan 
had no malignancy during the follow- up period. The possibility' 
that the cancers found rcpiesem incidental cancers as in the 
Mayo Lung Projec t must also be considered (1 14). The results 
from these studies confirm the expectation that low- dose CI 
increases the detection of small noiKalcifred nodules and, that 
lung cancer at an earlier and more curable stage are detected. 
The mobile CT screening study by Sone ei nl. (130) showed that 
low-dose CI increased the likelihood of detection of malignant 
disease JO times as compared with radiogiaphy. The overall rale 
of malignant disease was lower in the Japanese indies (129. 
130) compared with the EL CAP study (Kef. J 3 1; detection rates 
0.43-0.48% vtnus ?.7%), Ibis conld be because the Japanese 
studies screened individuals from the general population ages 



40-74, whereas ELCAP screened people at high risk, ages >60, 
with a tobacco history of at least 10 pack-years. Thus, as 
expected, the risk of the population to be screened affects the 
rate of cancer detection. 

Questions remaining to be answered include: (o) what aie 
the diagnostic sensitivjry and specificity of this procedure: and 
[b) does screening reduce lung cancer mortality? The spiral CT 
has not been as sensitive for small central cancers as it is fot 
small peripheral cancers (129, 131). Minute nodules of lung 
cancel that are near the threshold of. delegability may be over- 
looked at spiral CT screening (132). A prospective study of the 
diagnostic sensitivity of spiral CT has recently shown thai the 
dioenostic sensitivity exceeded the sensitivirv of conventional 
CT in previous reports (25). However, there were limitations in 
the detection of intrapulmonary nodules smaller than 6 mm and 
of pleural lesrons. Compared with surgery (thoracotomy with 
palpation of deflated lung, resection, and histology), the sensi- 
tivity of spiral CT vvas 60% lor inn :t pulmonary* nodules of <6 
mm and ?.**% for nodules of -^6 mm and was 1 00% for nco- 
plastir lesions >b mm. f urtbeimore. a marked difference in the 
sensitivities of two independent observers was found for nod- 
ules smaller than 6 mm, whereas agreement was much better loi 
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6~O0-rom nodules (25). Given these promising preliminary clin- 
ical results, further research is needed to determine the optimal 
technique for spiral CT screening, which includes collimation, 
reconstruction interval, pitch, and vieiying methods. Decreasing 
the slice thickness to 3 mm, monitoring the viewing of exami- 
nations, and computer-aided diagnosis have been used to im- 
prove the diagnostic capability of spiral CT in the detection of 
pulmonary nodules (J33-136). 

Future large scale randomized studies have to confirm 
whether in. fact spiral CT screening will lead to a reduction in 
Jung cancer mortality. In a randomized study, the following 
questions arise: (a) what is the optimal high-risk group to study 
and what should be the control arm? (b) what should be the end 
points (goals) of the studies? The ultimate goal is to reduce the 
lung cancer mortality. However, although this is □ long- term 
goal, intermediate end points from such studies should be eval- 
uated. The change to more curable stages at diagnosis for the 
lung cancer patients is one such immediate goal; (c) what is the 
optimal workup and the morbidity of this program? (d) what is 
the cost of such a screening program? and (e) what is the 
false positive rate of the screening findings? Incorporation of 
smoking cessation programs should be included in the future 
design of screening studies because it has been shown that 
screening with low- dose CT in participants who are still smok- 
ing provides substantial motivation for smoking cessation (137). 

The studies with spiral CT-scan have demonstrated the 
superior diagnostic ability in the detection of small peripherally 
located tumors, most of the malignant ones of adenocarcinoma 
type of histology. The diagnostic sensitivity of spiral CT for 
more centrally located tumors (mostly squamous cell carci- 
noma) is significantly lower than for the peripherally located 
ones. Through these spiral CT studies, we will leam about the 
biology, pathology, and clinical course of these small tumors, 
which might be different from what we. know about clinically 
more evident rumojs detected routinely in previous studies. 

Because lung cancer is so common, the introduction of any 
new screening technique in this area has to be underpinned by 
careful definition of the cost implications and must be justified 
by compelling evidence. The cost- effectiveness of the spiral 
CT approach shouTd be assessed by evaluating the rate of 
over- diagnosing nonmalignani, relatively common abnormali- 
ties and comparing CT imagine to other diagnostic technologies. 

PET wjth FDG has recently emerged as a piactica) and 
useful imaging -modality in the pieopcjaiive staging of patients 
with lung cancer. However, whereas CT is most frequently used 
to provide additional anatomical and morphological information 
about lesions, the TDG PET imaging provides physiological and 
metabolic information thai characterizes lesions that are inde- 
terminate by CT. FDG PET imaging takes advantage of ihc 
increased accumulation of FDG in transformed cells and is 
sensitive ( — 9f>%) lor the detection of cancer in patients who 
have indeterminate lesions on CT 1 138). The specificity (~S. S %) 
of PET imaging is slightly less than its sensitivity because sonic 
inflammatory processes avidly accumulate FDG. The high nee- 
ritivc predictive v;ilu'e of PF,T suggests 'hat lesions considered 
negative on rhe Mittly ;;re benign, biopsy is .not needed, :;nd 
radiot'iitplitc follow- tip is recommended. Several studies ha\e 
documented the increased accuracy of PET compaird wiih CT 
in I he evaluation ol the hilar and mediastinal lymph node siatiis 



in patients with lung cancer (138). However, the PET resolution 
is sufficient only for nodules £6 cm and will not be helpful in 
detecting the very small nodules. Compared with low- dose 
spiral CT, the FDG PET scan is more expensive and time 
consuming. The role of PET scan in early diagnosis of hmg 
cancer in an asymptomatic high-risk population is not yet eval- 
uated. However, future studies have to include PET evaluation 
ta define its role in a population screening setting. 

Conclusion 

Recent advances in molecular biology and pathology have 
led to a better understanding and documentation of morpholog- 
ical changes in the bronchial epithelium before development of 
clinical evident lung carcinomas. Combined with technical de- 
velopments in radiological and bronchoscopic techniques, these 
procedures offer great promise in diagnosing lung cancer far in 
advance of clinical presentation. Any of these individual proce- 
dures could be incorporated into the routine management of 
individuals at risk for developing primary or secondary lung 
cancer, and for several of these methods, clinical studies are 
under way. Preliminary reported data are very promising for the 
early detection of lung cancer. Future studies must incorporate 
the different methods in a multidisciplinary scientific setting to 
evaluate the role of the individual method in the overall man- 
agement for individuals at high risk for developing lung cancer. 
Several of these tests might diagnose the disease at the stage of 
clonal expansion before invasive carcinoma has developed. A 
management and intervention strategy appropriate to that stage 
of disease have to be developed. Preliminary studies of chemo- 
prcvenlion agents are reported, and new agents based on other 
biological mechanisms are under development and ready for 
clinical trials. It is now lime to plan clinical trials that evaluate 
both diagnostic and therapeutic approaches to access their im- 
pact on the incidence of clinical lung cancer. 
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Localization of tissue inhibitor of metaUoproteinascs 1 (TTMP iw„i 
colorectal adenoma and adenocarcinoma CTIMP-1) m human 

S^ilen^^ Ha2m „ ) M M lUe*^, Nielsen BS , 
The Finsen Laboratory, Rigshopitalet, Denmark. 

Tissue inhibitor of matrix metalloproteases I (T\MP i\; n u;u-r *u 

matrix metalloDrotea^ fl nrf ( l) 10,1,5115 the Proteolytic activity of 

Possess^S fi ° , hereby prevents cancer invasion. However, TIMP-1 also 

all of 24 case, ofW« , . a ^ mahgnant colorectal tumors was studied In 
the mvasive frontt u r w ^ s^n onl <n *"* ™ fibrob,ast " like Seated at 

conclusion ^pf^ lnflam ™fon at the epithelial-stromal interface. In 
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"S^S^^hS^t mtt ^>P">^ 1 (TIMP.l) inhibits 
uw proteolytic activity of matrix metalloproteases and herrhv 

trareformaUon and stimulation *f ceEfcrowih. wSS' 

rectal cancer patients and that hieh TIMP.i 
— is. Jo clarify the ro>e ot^J^^r^^TZ 
esis, the expression pattern of TIMP-i ;« k^r^ j 
colorectal rumors w»Td& toS? of $H£s"tf Sfe 1 

c«b located £n£r^~ 1 5*P"? s "> n was found in fibroMast-lSke 

bybnduabon with iirununohis.ocherrical S fo^ 
muscle actin or CD68 showed TIMPJ Bi»N4hl 8 i ^2^? 
but not.in macrophages. TIMP^n^A w fchSSta? ^ 
adenomatous polyps in the adenoma area: in t»"c"eVaScLfJ 
with focal stromal inflammation at tho »_ ^? 

In conclmion ttmpT__ - - e P )U,eBa| -stromal interface. 



^ ^ —ohistochem- 
_ A prerequisite for cancer cell invasion and metastasis is the 

Ss^r&isr Tr* n,edia,ed by 

sucn as the matrix roetalloproteinases (MMP).'-* Under normal 

K^f IteTat D b r b v^ *"* degrading ^ 

.* P *^ y by me P" 3 ™* oftne naturally occurr£n» 
ndnbitors: tissue inhibitors of metalloproteinases WMnS W 
a 28 kDa glucoprotein demonstrated to be present in ™st t^di/v' 
bssues and fluids, binds and inhibits MMPs ta?l l ^ 
Overexpression of tC^^ ^^ 

ever, as opposed lo this anti-invasive role of TIMP-1 sev-ral 

S'iShorl::, ■r ns,ra,e f ^ * 

Aorar inhibitor including stimulation of cell growth mali.riani 
bamformatio,..^ inhibition' of apop , os is, s „gg2 S 

tumor-piomouno role of T1MP 1 L L 6s> rai, ?o a possible 

enesis jftus, it has been speculated lhat TIMP-) mav actnailv 
play a dual role in cancer progression and rnetasu J ™* * . 

JW J mRNA and protein ,rj several cancer types More 
pauems with co.cecta, cancer-. Si™,,,, ™"o„1 »SJ 



betoeen high protem levels and poor prognosis is knenvn for ^ 
type-l plasmmogeo activator inhibitor (PA1-J)>* ConsidL^ 

reported both for TTMP-1 as mentioned, above as we D as fS 
In order to better nnderstand the role of TIMP-1 in colorectal 

number of studies of the localization of TIMP-J in colrmw^ 
cancer have been published; however, the resXof Ses^S 
a^me^a, conUadictory.NeweU andcoll^es-^nXS 
mfl>-l mRNA was expressed both in mvasive adeno^r^oml 
carcmoma w , jfa and adenoma and that the ra^K^s r£ 

m^t^l J^ 1 ! ^, WaS MprcSSed 0Dlv i° stromal compart- 
me ° t .. ~]wec«al adenorarcinomas in spindle-shaped cells sur 
rounding the invasive cancer cells. The results of ESiunohisS. 

itS SWdl » ° f TIMP:i in ' CO,on ^ conSgTS 
and coDeagnes" reported that TIMP-1 was expressed in me cm. 
necuve Ussue and basement membrane in boS, norma? muco^" 
nfS 5 ^^"^^onras with only linle Sg X 

was exposed in both stromal and epimelial 
cells nr colonic poryps and adenomas; as well as in adenocarcino- 
ma,. ,„ wmch die neoplastic cells were singly irmnunoreS: 

a„?b^^K^^-^ Da ^ d ^ we our study 

^.edftatT^^ — ° ^ ^^^emisrrv demo/ 
anted that TIMP-1 ,s expressed in myofibroblasts in the stroma at 

wa< JT n T ° f < ? , ° reC ' al ^ocarcinomas. Because ^P- 1 

uated IfZ,^? ^ n0nftaI C0)orec,a) 'Pi*el™m. weeval- 
uated the possibihry 0 f using TTMP-1 as a diaonostic tool to 

rsir adeDomas fron ! ^ ^ c o£^° 



Materia) and methods " 
Tissue samples 

JtiJnMZT^**^ obUined from University Hos- 
pHaJ of Hvidovre (Copenhagen, Denmark) in accordance with a 

^ duva) ^Ples (fonnabn fixed and paraffin 

co fareciaj adenocarcinomas (n = 8) and colorectal adenomatous 
POOPS In - 6. 3 were pedunculated (1 with mild and 2 with 
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moderate dysplasia) and 3 were sessile (1 with moderate and 2 
with focally severe dysplasia)]. Samples from 16 colorectal ade- 
nocarcinomas (1 Dukes* stage A, 6 Dukes* stage B, 8 Dukes*. stage 
C and 1 Dukes* stage D), 1 villous adenoma and 1 malignant colon 
lymphoma were prospectively collected during 1999-2000. These 
prospectively collected, tissue specimens were dissected so that 
samples contained both normal mucosa, and tumor tissue and were 
obtained within 30 min following surgical bowel resection. The 
specimens were immediately fixed in 4% neutral buffered formalin 
for 20-24 hr and then paraffin embedded. The 14 archival samples 
had also been formalin fixed and paraffin embedded. * 

Generation of nonoverlapping TIMP-1 cDNA fragments by PCR 

The full length TTMP-1 cDNA (GenBank NM.003254) cloned 
in pSP64 vector 29 was used as template to generate 2 nonoverlap- 
ping PGR fragments for in vitro transcription, and named f 104 (bp 
56-378) and fl06 (bp 398-680). First, the whole insert (-780 bp) 



was cut out by digestion with hind 111 and Jfamsil and punned 
after agarose gel electrophoresis using the Qiaex H gel extraction 
kit{Qiagen, Crawley, pnSted Kingdom). To generate nonoverlap- 
ping antisense probes and the corresponding sense probe, 2 PCR 
fragments were generated using . Upstream' primers flanked by a 
linker sequence containing an EcaRl restriction enzyme site (un- 
derlined nucleotides) and a T3 polymerase binding sequence 
(boldface) 5'- (gagaatt cattaaccctcactaaagggaga)-3', and down- 
stream "primers flanked by a linker sequence containing a BamHl 
restriction enzyme site and a T7 polymerase binding sequence 
5'- (g^tcc taatocgactcactatogggag>3' 9. The TTMP-1 specific up- 
stream primers were 5'- acccaccatggccccctttg -3* fox f 104 and 5'- 
(linker) - gcaggatggactettgcaca -3' for f\06„ and the downstream 
primers were 5'- linker- actcctcgctgcggttgtgg -3' for fl04 and 5' - 
(linker) - tatctgggaccgcagggact -3' for fl 06. PCR using the 2 fl 04 
primers of the 2 f 106 primers was done as previously described. 30 
The PCR products were purified by column chromatography 
using S-200HR microspin columns (Aroersham Pharmacia Bio- 
tech, Inc., Piscatway, NJ)> and their size tested by agarose gel 
electrophoresis. Both migrated as —300 bp fragments in accor- 
dance with the predicted size (322 and 282 bp, respectively). An 
ABI. PRISM 310 genetic analyzer was employed for DNA se- 
quencing analysis and was performed according to the" manufac- 
turer's instructions (Perkin Elmer. Applied Biosystems, Foster. 
City* CA) using the primers specified above. The DNA sequences 
obtained were coufirmed by comparison with the specific TTMP-1 
cDNA nucleic acid sequence (GenBank NM_003254). 

Plasmids containing human MMP-2 cDNA (pCoI7201, bp 647- 
1284) and human MMP-9 cDNA (pCo!9202, bp 1751-2326) have 
been described elsewhere. 31 

In vitro transcription 

Anlisense and sense ribopr^bes were labeled with * 5 S UTP 
(NEN, Boston, MA) by in vitro transcription using T7 and T3 
RNA polymerases (Roche. Basel, Switzerland). The DNA tem- 
plate was digested with DNase (Promega, Madison, WI). Nod in- 
corporated 3:> S UTP and DNA was removed by column chroma- 
tography using S-200HR microspin columns (Amersham 
Pharmacia Biotech, Inc., Piscotway, NJ). The 3:> S activity was 
adjusted for every probe by dilution to 500,000 cpm/uJ. 

In situ hybridization 

In situ hybridization was performed essentially as described 
previously. 32 hi brief, 3 u.rn paraffin sections were deparaf finized 
in xylene, hydrated with graded ethanol and boiled in a microwave 
oven for 10-12 min in 10 mM citrate buffer, pH 6.0. After 
additional 29 min at room temperature, the sections were dehy- 
drated with graded eihanol and the j3 S labeled probes (2X 1 0 6 cpm 
in 20 u.1 hybridizaiion mixture 51 per slide) incubated overnight at 
55°C in a humidified chamber. Sections were washed in Hellen- 
dahl chambers with SSC buffers containing 0.1% SDS and 10 mM 
DTT at 150 rpm at 55°C using a BuhJer incubation shaker (Jo- 
hanna Quo GmbH, Hechingen. Germany) for 10 min in 2XSSC, 



10 min in 0.5XSSC, and 10 min in 0-2XSSC. Sections were then 
RNase A, treated for 10 min to remove nonspecificalry bound 
ribpprobc. Subsequent wash' was perfonried in 0.2 X SSC as spec- 
ified above. Sections were dehydrated and soaked into an, autora- 
diographic emulsion (Dford), exposed for 5t7 days if not otherwise 
stated and finally developed. Sections were counterstained -with 
haematoxylin and eosin. 

* 

Immunoperoxidase staining 

Irrnimriohistochenristry was performed essentially- as described 
previously.^* Five micrometer paraffin sections were deparafr 
finized with Xylene and hydrated through ethanol/water dilutions: 
Tissue pretreatmexit was performed with protease-K (5 p.g/ml) 
digestion for 20 min. Sections were blocked for endogenous per- 
oxidase activity by treatment with 19b hydrogen peroxide for 
15 min. The sections were washed in 50 mM TriS J 50 mM NaQ, 
pH 7A containing 0.5% Triton lX-100 (TBS-T). Incubation with 
-^Mbedie^vas-done overnight at 4°C. Sheep polyclonal antirxxfies 



(pAb) against TTMP-1 and nonimmune goat IgG were used at a 
final concentration of 4j0 pig/ml. Two monoclonal antibodies 
(MAb) against T1MP-1, 31 NM4 (clone rTDC6A, NeoMarJkexsi fie- 
mont, CA) and CalB2 (clone 147^61) 1 1, CaBiohern, Oncogene 
Res. Products, Cambridge, MA), and a J^lAb against trinitro- 
phenyl (TNPP* were all incubated at 1.0 pg/ml (all 3 MAbs arc 
IgGl), CaB2 MAb recognizes both free TTMP-1 and TIMP-1 
in complex with MMPs. 33 NM4 MAb only recognizes free 
TTMP-1. 33 According to the manufacturer's descriptions, both 
MAbs are raised using recombinant human TTMP-1. The. sheep 
. polyclonal antibodies were raised by immunization with TTMP-1 
purified from human dermal fibroblasts. The IgG was obtained by 
triple precipitation using ammonium-sulfate and characterized by 
immunodiffusion and rocket immunoelectrophoresis. 35 In addi- 
tion, we have shown that the pAb recognize both free and MMP- 
complexed TTMP-1. 36 Furtbennore, the specificity of the antibod- 
ies Was analyzed by Western blotting analysis against recombinant 
human TTMP-1 expressed in NSO mouse myeloma cells. Here, the 
antibody preparation recognizes a band of approximately 28 kDa 
in accordance- with the molecular weight of TIMP-1. To cerhfy 
that the pAb recognize TTMP-1 in colon tumors, the antibodies 
were immobilized on a seph arose column. Total protein extracted 
from 3 colon adenocarcinomas was passed through the column 5 
times and the bound and subsequently eluted protein analyzed in a 
Western blot using a TTMP-1 monoclonal antibody (MAC15). A 
single band of approximately 28 kDa was revealed in accordance 
with the molecular weight of TTMP-1 (results not shown). In 
immunohistochemistry, the sheep pAb were detected with biotin- 
ylated rabbit-anti-goal IgG, which" cross-react with sheep IgG 
(1:100, code E466, DakoCytomation) followed by horseradish 
peroxidase in complex with streptavidin (code K377, DakoCyto- 
mation). The MAbs were detected with the Envision- mouse re- 
agent (EnVision reagent, K4003, DakoCyioroation), followed by 
tyramine amplification, using biotinyl tyraroine substrate as-spec- 
ified by the manufacturer (Nen, Boston, MA). Sections were 
developed with NoyaRed substrate as specified by the manufac- 
turer (Vector Laboratories, Burlingnaroe, CA) for 15 min. Finally, 
sections were counterstained in MayeTS haematoxylin, dehydrated 
in eihanol and mounted. 

Combined in situ hybridization qnd immunohistochemistry 

Double labeling by combining in situ hybridization and unrnu- 
nohistochemistry on paraffin sections has been described P rev *" 
ously. 32 In brief, using MAb against a-sm-actin (clone 1 A .) 
diluted 1:1000. against cytokeratin (clone AE1/AE3) dtjuted 
■1:1000, or against CD68 (clone PGM1) diluted l:?00 r sections 
were incubated for 2 hours at room temperature and then detected 
with anti-mouse-IgG/horse radish peroxidase-conjugated polymers 
(Envision-mouse reagent, DakoCytomation, Glostrup t Denmark). 
Sections were developed with di ami nobenzi dine (DAB) for 
7-10 min, and immediately dehydrated for in situ hybridization, 
which was performed as described above using the antisense 
probes of f J 04. Sections were count erst aimed with haematoxylin. 
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Results 

Analysis of JIMP-} probes and antibodies for in situ 
hybridization and immunohistochemistry 

.Histopathologic^ diagnosis of prospectively collected speci- 
mens from 18 colorectal lesions revealed 16 colorectal adenocar- 
cinomas, J villous adenoma and 1 malignant lymphoma. ^S- 
labeled anosense and sense RNA probes were generated by in vitro 

™S*? U ™? m 2 nonovcrfa PPing I>NA sequences of the human 
I1MP-1 cDNA and tested by in situ hybridization on adjacent 
sections from 5 of the colorectal adenocarcinomas. The 2 andsense 
\ probes showed an identical hybridization pattern in all the 5 cases, 
yocatea in the stromal compartment surrounding the invading 
cancer cells, while no specific signal was seen with the 2 sense 
probes (P& 1) To lest whether the nMP-f mRNA was accora- 
pamed by TIMP-1 protein expression, inirnunoMstochemistry was 
perfonned on 8 of the adenocarcinomas (including the 5 men- 
tioned abov e) and the malignant lymp homa usin g sheep anti- 
nmnan riMF! polyclonal ami bodiesVn "sections adjacent to 
1IMF-1 m situ hybridized sections. The TIMP-1 mRNA and 
immunoreactiyity was observed in the same cells in afl of the 9 

C T^ d i ^ ^ X ™ min * 016 ma,i £ nanl ^Phoma. The 
anti-TOIP-) polyclonal antibodies did not react with other cell 
populations in all of 8 adenocarcinomas and the malignant lym- 
phoma apart from some normal and malignant epithelial cells that 

Wei - C yfiw^ 0D 016 ,umina1 a P ica1 * urfacc - Two MAbs 
agamst TIMP-1 (CalB2 and NM4) required strong signal amplifi- 
canon but shewed a staining panem similar to that of the poly. • 
clonal annbody preparation (Fig. 2B), with the only exception^ 
neither of the 2 MAbs stained the luminal apical surface of the 
normal and malignant epithelium: No signal was obtained with 
rwnnnmune goat serum or a MAb (of same subclass as Calb2 and'. 
NM4) directed against the synthetic hapten trinitrophenyl fTNP) 



expression was in all the cases of colon adenocarcinoma (includina 
those mentioned above) highly expressed in stromal fibroblast-likS 
cells located at the invasive front (Fig. ^a,a\ TIMP-1 mRNA 
signal Was also observed in fibroblasMike cells located in »C 
tumor stroma towards the colonic lumen in 8 of 10 cases whem 
u^^ssue ^rxueture was present (data not shown). No or little 
TTMP-1 mRNA was detected in the central part of the Carcinomas. 

*>vta - y\ co,orectaI adenocarcinomas, we observed TIMP-1 
mRNA signal in some fibroblast-like cells located around the 
muscle layer, of some arteries located in the submucosa distant 
from the cancer area. The normal colonic mucosa, including the 
lamuia propria that- was present in all samples tested, was generally 
negative (Kg. lbs). Only ^relatively weak TIMP-1 mRNA simal 
was detected in stromal fibroblast-like cells surroondrng one or a 
very few normal crypts (Fig. 3c, f) in 3 out of 6 cases tested with 
extended exposure time (10 days vs. usually 5 days). In the villous 

^ n ^ t w r e saw ; 0Ji] y a *™ TIMP-1 mRNA positive cells asso- 
-"tratetihwrr*^^ (data not shown) . ^ ^ ^ 

lymphoma of the colon, TTMP-J mRNA exj^ressing fibroblast 
cells were, different from the adenocarcinomas, located in a dif- 
fuse pattern throughout the whole tumor. No . TIMP-1 mRNA 
signal was observed in any of the 1 8 cases in the cancer cells 
smooth muscle cells or vascular cells. - ' 



77^-7 mRNA expression patterns in colon cancer 

Expression of TM>H mRNA was then analyzed in the remain- 
ing y. colorectal lesions by in situ hybridization. TIMP-1 mRNA 




cJ^Si \l " l' m h i' bnd,xati on wiih 2 nonoverlappino TIMP-1 
specific probes in-human colon cancer. Three adjacent sSns from a 
colon adenocarcinoma were incubated with 2 nonoverla^Tnn % 
tafceted *msense probes for TIMP-1 mRNA Iflo^^SftW m 
and a correspond^ TOjp _, ^ ^ < ThtVsZ hi 

ThTo T I, i d (0> aD( ! as a ** h,Ie P 3tte ™ ^ darkfield illumination (b~d) 
The 2 .mtisense probes show the same hybridization panem and the 
hyteitonon s.gnal is seen in the san ie cells (anew" ?i and rf? 

Si ZtA^Vr cn ; he » robe w- 'bit- 
so 'urround^ L F " ]OCMtd ^ ,Umor SUoma (indicated by 

™p7r ; i,vas,ve canccr cejis <°> ^ ™ devoid of 

flMF-l m hybndttanon signal. {a)-ldy. Bar = "100 ^ ra 



Characterization of UMP-J piRNA expressing cells 

7^^™?'- 1 mRNA P^ s ^ve fibroblast-like cells 
could be (myo)fibroblasts and/or macrophages, sections from 4 
colorectal adenocarcmomas and the malignant lymphoma were 
first immunohmochemrcally stained with antibodies directed 

^^^^^Sr^^ of Wofibmblast/srhooth muscle 
cells.(SMQ) or CD68 (for detection of macrophages) and subse- 
quenUy mcubated with a TIMP-1 mRNA antisense probe In 
normal colon tissue, a-sm-actin is expressed by vascular smooth 
muscle cells, smooth muscle cells of lamina muscularis mucosae 
and tomca muscularis as well as pericryptal myofibroblasts ^ 
colon tumors a-sm-actin is expressed by nimor- associated fibro- 
blast-bke cells located ihroughom the tumor stroma, which are 
defined as myofibroblasts. No TIMP-1 mRNA was detected in any 
a^sm-acun posmve smooth muscle cells, including those of the 
vessels, the lamina muscularis mucosae and the tunica muscularis. 
In addition, no TIMP-1 mRNA was detected in the a-sm-actin 
positive pencryptal myofibroblasts of the lamina propria in any of . 
the .5 lesions. TIMP-1 mRNA signal was. in contrast seen in 
a-sm-acun-positj ve tumor associated myofibroblasts located at the 
invasive front of the colon cancers. In 3 of the adenocarcinomas, 
more than 80% of TTMP-1 mRNA-positive cells located close to 
1% cancer cells were a-sn>actin-positive (fig. 4\ 
TIMP-1 .mRfcA positive fibroblast-like cefls located more distant 
from the invasive cancer cells, towards the submucosa, expressed 
mle or no a-sm-actin. In 1 adenocarcinoma and in the malignant 
lymphoma approximaiely 50% of the TIMPl mRNA positive cells - 
expressed a-sm-aciin. Thus, the TIMP-1 mRNA expressing cells 
cousdtuie a subpopularion of tumor-associaied myofibroblasts lo- - 
cated at the invasive iront of the tumor. No 7TMP-1 mRNA signal 
could be identified in any of the OD68-positive cells (Fig. 4). 

Expression of TIMP-) and MMP-2 and 9 in colon cancer . 
MMP-2 and MMP-9 are 2 type IV collasenases expressed m (he 

Mx^ )V ou CanCer ,is&Ue of colorecI ^ adenocarcinomas. Thus . 
MMF-2 has been reported to be expressed by fibroblast- like cells 
m the cancel srroma.'^i and MMp _ Q by m ha at ^ 

leading edge of the invasive cancer" To directrv compare the 
expression patterns of MMP-2 and MMP-9 with that of T3MP- 1 
adjacen. sections from 5 colorectal adenocarcinomas were hybrid- 
ized with probes for TJMP-1, MMP-2 and MMP-9 niRNAs We 
found that the expression of TIMP-1 mRNA was localized char- 
acteristically at the mvasive front of the yowins tumor, whereas 
the expression of MMP-2 mRNA was most intense m .he central 
nieas, showing decreased expression towards the invasive front 
Oig. do). MMP-9 mRNA expressing cells were found at the 
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Figure 2 -Jn situ hybridization and irrrmunohistochemistry for T1MP- } in human colon cancer. (/I) Twoadjaeem sections from a hun ^"fj!j ?1 J 
adenocarcinoma were incubated with polyclonal antibodies against TJMP-! (a.c) arid a T1MP-1 mRNA antisense probe {b). The TlMr-1 
immunoreactivirv (red-brown color, arrows in a aDd c) and the TTMP-J mRNA (silver grains, arrows in b) are identified in the same cells l*? 701 * 5 
m a,b). Immunoperoxidase staining with the T1MP-1 pAb reveals the TIMP-l-positive cells as fibroblast-like cells (arrows in c) located m the 
stroma (St). No TJMP-J iirrrmmoreactivity is seen in cancer cells (Ca). 0,6: bars ±= 50 p.m; c. bars =13 pm. {B) Four consecutive ™J<| ce ^ 
sections were incubated with CalB2 MAb anti-TlMP-1 (o) t NM4 MAb (b\ sheep ami T1MP-] pAb (c) or mouse anti TNP {d). The 3 MAbs 
were detected with Envision reaeent followed by TS amplification and the sheep pAb with biotinylated rabbit anti-goal followed by 
HRP-conjugated streptavidin (see Materia) and methods). The 3 TIMP-1 antibodies react with the same cells (arrows). No irornunoveacuYiry is 
seen when the sections are incubated with anti-TNP. 



invasive front like those expressing T1MP-1 mRNA but with a 
distinctly different distribution. Foci with high expression of 
T1MP-1 mRNA were not accompanied with increased expression 
of MMP-9 mRNA and vice-versa (Fig. 5b). Thus, T1MP-1 mRNA 
expression is not coregulated with MMP-2 or MMP-9 mRNA 
expression. 

TIMP-] in adenomas and Dukes' srage A carcinomas 

T1MP-1 antigen can readily, be measured in blood and we have 
previously reported that levels of TJMP- 1 in blood are significantly 



elevated in colorectal cancer patients compared to healthy donors 
and that high plasma TIMP-1 levels are associated with short 
smvjval of colorectal cancer patients. 2136 TIMP-1 has therefore 
been suggested to be a novel marker for detection of early stage 
colorectal cancer and for prognostic strati ficaiiori of colorectal 
cancer patients.- 1 39 These findings, together with the characteristic 
expression pattern of TJMP-1 at the invasive front of virtually all 
the colon cancers and die absence or minute TIM P- 1 expression in 
normal and benign colon mucosa, prompted the evaluation of 
TlMP-1 expression as a marker for early invasive colon cancer. 
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Figure 5 - /n situ hybridization for TIMP- ] , MMP-2 and MMP-9 in 
human colon cancer. (A) AdjaccDt sections were incubated with probes 
specific for TTMP-1 mRNA (a,c) and MMP-2 mRNA (b,J) t respec- 
tively, and is shown in brigbtfield (a,b) and dark field illumination 
{c T d). The TIMP-1 mRNA signal increases towards die subrpocosa 
(Sm) whereas the MMP-2 mRNA signal decreases and is mosi intense 
in the centra) areas (Ca). {B) Adjacent sections were incubated with 
probes specific for TTMP-1 mRNA {ox) and MMP-9 mRNA (b t d), 
respectively, and is here shown in brightfield (o.b) and darkfield 
illumination [c r d). Both the TIMP- J mRNA signal and the MMP-9 
mRNA signal are most intense at the invasive fioni towards the 
submucosa (Sm), but their expression patterns are quite different, wiih 
MMP-9 showing the most restricted expression. Bars .= 100 ^m. 



cDNA fragments and specific pAb and MAbs against human 
TIMP-1. The T1MP-] mRNA signal in al) colorectal adenocarci- 
nomas investigated was seen in fibroblast-like cells located in the 
tumor periphery. An identical hybridization partem was observed 
with the 2 antisense T1MP-) probe.s and application of comple- 
mentary sense probes on neighboring tissue sections as negative 
controls did not result -in any hybridization signal; therefore, we 
conclude that the hybridization signal generated with the antisense 
probes represents the genuine TTMP-1 mRNA. TIMP-1 immnno- 
icactivity w;is also distinctly located in fibroblast-like stromal cells 
m_the_ tumor periphery, and these cells were identified lo be the 
same cells as the TTMP-1 mRNA expressing cells. A preparation 



of sheep pAb against human TIMP^l 33 and 2 well-characterized 
MAbs stained the very same cells in the tumor stroma.. Weak 
staining of the apical surface of some normal and malignant 
epithelial cells was observed with Die pAb in some of the samples. 
No stajning was obtained when me;anti-TIMP T 1 antibodies were 
substituted with nonimmune goat serum or anti-TNP MAb incW 
bated at the same concentrations. These iinmunorri stochemical . 
findings strongly suggest that the- TIMP- 1 antigen detected in the 
fibioblast-like cells represents the genuine TTMP-1 protein. 

In our study, we found TIMP- 1 mRNA expression in stromal 
fibroblast- like cells located in the tumor periphery in all colorectal- 
adenocarcinomas tested, whereas no expression was detected in . 
the. cancer cells jn. any -of the cases tested.* This finding is in 
agreement with studies by Zeng and colleagues, 1 * 20 but is partly in 
disagreement with findings by Newell and colleagues. 27 In addi- 
tion to TTMP-1 mRNA signal in fibroblast-fike cells in the tumor 
_r^ ph et y r Newe ll and colleagues 27 detected a weak TTMP-1 
mRNA signal in both benign and malignalt epithelial cells. 37 This 
observation was, however, based on the use' of probes: from a 
. single TTMP-1 cDNA subclone and no actional controls to verify 
the expression pattern. The difference between" our results and 
those of Newell and colleagues may be explained by methodolog- 
ical differerices, since the procedure employed, by NeweD and 
colleagues was in several steps different from the one used in the 
present study, Newell and -colleagues used 3 JI-labeled probes, 
whereas we used 35 s ^labeled probes. It is in this context notewor- 
thy that in order to look for a low expression level of TTMP-1 
mRNA, we performed in situ hybridization experiments with pro- 
longed exposure time (10 days vj. usually 5 days) with both* our 
TTMP-1 antisense probes and both TTMP-1 sense probes, but with 
this challenge we did not detect any TTMP-1 mRNA in any 
epithelial cells. It cannot be excluded though that the TTMP-1 
mRNA is expressed in epithelial cells below the detection limit of 
our in situ hybridization procedure. 

An interesting observation in our study was the characteristic 
intense TTMP-I mRNA and protein expression in the tumor pe- 
riphery of all colon adenocarcinomas, while little or no expression 
was seen in the center of the carcinomas. Only in the colorectal 
lymphoma did we find TTMP-1 mRNA and protein expession in 
fibioblast-like cells located throughout the tumor tissue. The 
TIMP-1 expression pattern in the colon adenocarcinomas is in 
contrast to the expression pattern reported by Hewitt and col- 
leagues, 19 who found thai the TTMP-T staining in most colorectal 
adenocarcinomas was equally intense in fibroblasts throughout the 
tumors and that some of the cases even showed decreased TIMP-1 
signal intensity towards the tumor periphery. This difference may 
be explained by possible cross-reactivity of the polyclonal anti- 
bodies employed by Hewitt and colleagues or that Hewitt and 
colleagues employed cryostat sections, while we analyzed paraffin 
sections. * . 

The TT.MP-J expressing cells had a fibroblast-like morphology 
and using combined in situ hybridization for TTMP-1 mRNA and 
immunohistochemistry for a-sm-actin, we found that many, gen- 
erally more than 50%, of the TIMP-1 mRNA positive cells coex- 
pressed a-sm-actin. According to the cellular morphology of the 
T1MP-T expressing cells and their localization in the invasive 
front, we could conclude that the cells were myofibroblasts and not 
smooth muscle cells. 

The myofibroblast is a cell type present in the normal colon 
mucosa, that originally was described as a pericryptal fibro- 
blast 3740 and later was identified with antibodies against a-sm- 
actin. 37 In the lamina propria, the myofibroblasts form a continu- 
ous cell layer just below the intestinal epithelium. The pericryptal 
myofibroblasts are phenotypicaUy different from die neighboring 
quiescent interstitial fibroblasts that do not express markers of 
smooth muscle cells. 41 During early steps of colonic turn oogenesis 
the number of myofibroblasts is significantly increased. 4 ' The 
TIMP- 3 expressing myofibroblasts may be generated after activa- 
tion of the pericryptal myofibroblasts and/or the quiescent inter- 
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stilia] fibroblasts. Adegboyega and colleagues 41 hypothesized that 
the- tumor-associated myofibroblasts originate from the quiescent 
interstitial fibroblasts of the lamina propria, rather than from peri- 
cryptal myofibroblast or smooth muscle cells, which may help to 
explain why we found some of the TIMP-J mRNA expressing 
fibroblast-bke cells a-sm-actin-positive and some cr.sm-actin-neo! 
arjve. 0 

Several MMPs including MMP-2, MMP-1] and MMP- 14 are 
expressed by fibroblast-like cells in human colon cancer =".3i.-2-« 
some of which may indeed be myofibroblasts. The role of the (mvo-) 
fibroblasts in colon cancer progression is not known. Since TDviP-'l in 
human colon cancer appears only to be expressed by fibroblast-like 
cells most of which are myofibroblasts^ and since high TIMP-1 levels 
measured in blood or tumor extracts from colon cancer patients are 
strongly associated with a poor prognosis,^^ couJd ^ d 
that the TIMP-] expressing myofibroblasts- play a tumor-promoun* 
role. Iminunohistocbemical localization studies of proteins involved 
in the activation and regulation of the efficient serine protease plas- 
minogen, including urokinase plasminogen activator (uPA) and its 
specific inhibitor PA1-] show that both are mainly expressed by 
myofibroblasts in human breast cancer.^ His* levels of uPA and 

* Str0ll$]y con ~ e,aled wi, h Poor prognosis in breast can- 
cer ' supporting ihe assumption that the myofibroblast express a 
promoting role in cancer invasion. We recently reported that ibe 
predominant PA)- 1 expressing cell in human colorectal cancer also is 
the royofibi obbst,"-> and earlier studies indicated that elevated levels 
of PAJ- 1 m colon cancer patients are associated with poor pto- 
sis- Togeiher these findings indicate thai myofibroblasts are strongly 
contributing to the expiession of proteins involved in the re»iilaiiorf oY 
exti acclh.Iar maim degrading proteases that facilitate cancer invasion 
and metastasis. 

A particularly interesting finding of the present study was the 
absence of TJMP-J mRNA in 4 of 7 adenomas, whereas in all of 

11 u? S S ! r C A Ca) cinonia5 the TIMP- 1 mRNA was exposed in 
nbroblasi-hke cells along the invasive front. In the 2 benio„ )es io»s 
in which .be TIMP-I mRNA was seen in the adeno.na%rea the" 



TIMP-1 mRNA positive cells were confined to a single focus with 
locally increased inflammation related to the dysplastic epithehum. 
Evident disruption of the dysplastic epithelium was observed in the 
adenoma with most intense TJMP-1 mRNA signal. Intestinal in- 
flammation may be caused by disruption of the mucous epithelium 
that leads to focal leakage of mucinous colon material into the 
lamina propria. Increased intestinal permeability is a common 
deficiency in Crohn's disease and interestingly TIMP-1 mRNA 
was found in the intestinal granulation tissue of Crohn's disease 50 
and is expressed by myofibroblasts isolated from Crohn's dis- 
ease. 5 ' Induction of TIMP- 1 in myofibroblasts in a benisn or 
preinvasive tumor may also be a response to locally incr"eased 
MMP activity or a response to the presence of a specific MMP in 
the local microenvirorirnem. MMP-2 and MMP-9 mRNA expres- 
sion, however, did not appear to be cpregulated witb TIMP-1 
mRNA expression in the colorectal adenocarcinomas. Specific 
MMPs may indeed be involved in the transition of noninvasive to 
invasive disease; in studies of preinvasive lesions (ductal carcino- 
mas in site) of the human breast we recently reported that MMP- J 3 
is specifically expressed in myofibroblasts associated with micro- 
invasive events.^ Future studies may clarify whether TIMP-1 
expiession in colorectal adenomas is conelated with expiession of 
specific MMPs. cytokines and/or growth factors, such as TGF-(3J 
and TOF-P251, and whether TIMP- Lean be used as a hisiopatbo- 
logical marker for malignancy in colorectal tumors. 
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SSfiTST 1 aCtiVat ° r induced by dengue virus of h — 

fiuan^YH, LeiHY, LiuHS, LmYS, ChenOT, YehTM- 

Depaitaent of Microbiology and Immunology, College of Medicine National Chenr 
Kung University, Tainan, Taiwan, ROC. " 8 

Dengue hemorrhagic fever and dengue shock syndrome (DHF/DSS) are severe 
comphcations of dengue virus (DV) infection. However, the pathogenesis of Lorrha^e 

pt^froielT 6 r; s t infc6t ;r is poorIy understood since «wmS 

pivotal role in die regulation of hemostasis, we studied the effect of DV infection on the 
producUon of tissue plasminogen activator (tPA) and plasminogen actLtoSZn 
(PAI-1) m vitro using both primary isolated endothelial cells, human umbilicaUori veins 

7^ !Tr , » n0t ? AM of human endothelial cells. In addition tPA mRNA of 

endothelial ce Is was induced by DV as demonstrated byRT-PCR. Antibody aZ^L 6 

FuXr 01 P V - indu <^ 'PA production of c^SS ST 

Sttt^ ^ ,CVe,S ° fIL - 6 ** tPA Was found in DHF 

but not Dr patents. These results suggest that IL-6 can regulate DV-induced tPA 

product™ of endothelial cells, which may play important roles in lo R Z£ 
development of DHF/DSS. Copyright 2003 Wiley-Liss, Inc. P ath W 
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488: Mod Pathol. 1992 May,5(3):250-6. Refeted ^ ^ 

Neu oncogene expression in ovarian tumors: a quantitative study. 
HyittnerJ^CajseyJ^ 

Department of Pathology, Tufts University School of Medicine, Massachusetts. 

ZtZ ^IsT2T eX Tf ? y Sbt W0t mdysis "* P rote - expression by 

2S, 31,(1 immunoh »stochemistry in 57 primary and metastatic ovarian 

T ' ^OP™ 0 ™*" '^^rcomas, and eight normal ovaries Som?6l% of 
?V Z 0f 96% of ^ ovanan ""nors *at overexpressed neu were of 
oncogene product as determined by capture ELISA than either germ cell and stromal 

■ssss less flMi v ao25) - Differeat -^ypiof ov jrcSi 

had agmficantl, ^fferent amounts of neu oncogene product as measured by capture 
ELISA; endometnoid rumors had the highest, and poorly differentiated caSSSTw* 
otherwise specfied had the lowest (p less than 0.025). ELISA values^S 
overexpresswn, and immunohistochemical staining intensity did not correlate with stae e : 
EuiA^a^^^lff^t^ 01 nU ° Iear grade in ovarian tumors. We coSde matwptSe 

EX ST" did not ^ with stage or u "** ~ 
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89: Leuk Lymphoma. 2003 Aug;44(8): 1385-94. Related Artides. Links 

Real-time qua ntitative RT-PCR of cyclin D 1 mRNA in mantle cell 
lymphoma:. comparison with FISH and immuuohistochemistry. 

jguiP, HoweJG, Crouch J, Nimmakavalu M Qumsiveh MB Tallin! a PW, «n 
Smith BR . ~ ' — ~ 3 

Department of Laboratory Medicine, Yale University School of Medicine 333 Cedar 
Street, P.O. Box 208035, New Haven, CT 06520-8035, USA. ' 

Presence of the balanced translocation t(l I;l4)(ql3;q32) and the consequent 
overexpress.on of cyclin Dl found in mantle cell lymphoma (MCL) has been shown to be 
ot important diagnostic value. Although many molecular and immunohistochemical 
approaches have been applied to analyze cyclin Dl status, correlative studies to compare 
different methods for the diagnosis of MCL are lacking. In this study, we examined 39 
archived paraffin specimens from patients diagnosed with a variety of 
lymphoproliferative diseases including nine cases meeting morphologic and 
immimophenotypic criteria for MCL by: (1) real-time quantitative RT-PCR to evaluate 
cyclm D 1 mRNA expression; (2) duaj fluorescence in situ hybridization (FISH) to 
evaluate the t(l 1 ; 14) translocation in interphase nuclei; and (3) tissue array 
imm ™ histochemistry to evaluate the cyclin Dl protein level. Among the nine cases of 
possible MCL, seven cases showed overexpression of cyclin Dl mRNA (cyclin Dl 
^ MCL) and two cases showed no cyclin Dl mRNA increase (cyclin Dl negative 
MCL-like ). In six of seven cyclin Dl positive cases; the t(l 1;14) translocation was 
demonstrated by FISH analysis; in one Case FISH was unsuccessful. Six of the seven 
cyclm Dl mRNA overexposing cases showed increased cyclin Dl protein on tissue 
array immunohistochemistry; one was technically suboptimal. Among the two cyclin Dl 
negative MCL-like cases, FISH confirmed the absence of the t(l 1 ; 14) translocation in 
both cases. All other lymphoproliferative diseases studied were found to have low or no 
cyclm Dl mRNA expression and were easily distinguishable from the cyclin Dl 
overexposing MCLs by all three techniques. In addition, to confirming the need to 
assess cyclin Dl status, as well as, morphology and immunophenotyping to establish the 
diagnosis of MCL, this study demonstrates good correlation and comparability between 
measure of cyclin D 1 mRNA, the 11 ; 1 4 translocation and cyclin D I protein. 
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Elevation of topoisomerase I messenger RNA, protein, and catalytic 
activity in human tumors: demonstration of tumor-type specificity and 
implications for cancer chemotherapy. »pecmciiy and 

HjtsainX MolilerJL, SejgjerJgF, Besterman JM 

G,aX ° R — h ^tute, Research Triangle Pad, 

SEES" 6 ! bCen 38 m of camptothecin, a plant 

alkaloid with anticancer activity. Various lines of evidence suggest that thesensiEof 
ceHs to this drug is directly related to the topoisomerase I content. JnhuZ^^lZh 
of topoisomerase I have been shown to be elevated in colorectal (JHiS to " 
normal colon mucosa. The aim of our study was to dctean^^^ottJL, 
I levels are elevated m other solid tumors, (b) the elevated enzyme is citalyS S 
in these tumors, and (c) the increase in topoisomerase I levels ^coL^ln^T* 
result of increased transcription or translatioa.Topoisomerase I levels were quantitSi in 
crude extracts from colorectal, prostate, and kidney tumors and .heir matS noS 

SSf 5 , y ^ bl ° ttin8 "* by dkeCt d ^™ation of catal" c acti^d 

S mto^ntet ^ m t0 P° 1Somerase 1 Iev ^. «™P*red to their normal 
colon mucosa. In the case of prostate rumors, the increase was 2-10-fold comoared with 
bemgn hyperplastic prostate tissue from the same patients. However no dXenc^Was 

1 ,eVdS in ^ to""* com P-d to their ZT 
counterparts. The catalytic activity of topoisomerase I was determined by a quantitative 

™;Tt ra ^ c ™ deh <>™ogenates, without isolating nuclei. Colorectal and 
prostate fcmors exhibited 1 1-40- and 4-26-fold increases, respectively, in catalytic 

™ f £ 0V T er ' kidn 7 tUm ° rS did " 0t Sh0W an * a,teratio « in catal^ic a^vity 
compared often normal matched samples. Thus, for all three tumor rypes there was a 

good correlation between enzyme levels and catalytic activity. Finally^lorectalHors 

EES* ^,1^ St3te ^ ,eVek A 2 - 33 ' m ^ » is T 

St onlT T mpared l ° n0mal CO, ° n mUCOSa " ^ that 

alterat.ons ,n topoisomerase I expression in humans are rumor type specific and that the 

increase m topo.somerase I levels results from either increased Ascription of tne 
topoisomerase I gene or increased mRNA stability. 

PMID: 8275492 [PubMed - indexed for MEDLINE] 
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J Cancer Res Clin Oncol. 2004 Dec; 1 30(1 2Y749-56 Fmih ?nn4 ^ o i 

& Springertink ; P b 2004 Sep 2 1 ' Refated Articles. Unks 

Qtaaflsaaina 

^ Ei^abeth Klin*, Klin* fur Anasthesiologie, Sclunerztherapie und Intensivmedi™, Saariouis, 

Immunohistochemistry and the outcome of patients. METHODS: 
in 43 archival specif of S^ ^S^ ^ the expression of P Ki ^ 

were not treated with neo-adju™ ^,^^^1^ ^° 
labeling index of 3 1 3% franee 1 0 1 as iv v 5 We determined a median pKi-67 (MIB- 1 ) 
n»ge0 8 01-0.69)^ ' 
associated with a significantly b^^^^^^^^^O values were 
correlated to prognostic outcome A ™»it;™ ? . P P 7 ,abe,,n g « nd 'ces were riot 

indicated ilJt^^S^^^^iS^ ° f 3nd bi ° Io S icaI factore 

P-gnostic.fac^^ 

new prognostic indicator for primary resected ^ - 3 8 °° d 
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Modulation of glucagon receptor expression and response in transfected 
human embryonic kidney cells. '"'ectea 

jkcRami T, Cypess AM. Bo us card B . 

Department of Medicine, George Washington University Medical Center, Washington 
District of Columbia 20037, USA. vvdiningion, 

-Ore modulation of glucagon receptor (GR) expression and biological response was 

' n i Uman ; mb,y0niC ce » (HEK-293) ebnes pennaneTtrexpising 

the GR with different densities. The GR mRNA expression level in these clones wZ 
upregu ated by cef.ular cAMP accumulation and pLnted a good corSatt wi * both 
Je protein expression level and the maximum number of glucagon binding site 

«ion of glucagon-induced cAMP aLmulationlXexel. ,i„es 
revealed that the enhancement of receptor expression did not lead to a proportional 
increase in cAMP formation. Under these conditions, the maximum cAMP production 

reS ^ f f ^ f0rek ° Hn ^ n0t Si ^ ific -«y Afferent among selected clones 
regardless of die receptor expression level. High receptor-expressing clones showed' the 

ecm t ^on e ^ P R reSS,0n ' eV ; ,s - The of the present study suggest that the GR can 

recant non-GR-spec.fic desens.hzat.on mechanism(s). Furthermore, the partial inhibition 
or alteration of the overall cAMP synthesis pathway at the receptor level may beT 

exTiTS" ^ 3 0611 in rCSPOnSe t0 3 maSSivC « in ™brane Leptor 
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Developmental regulation of acidic fibroblast growth factor faFGF) 
expression in bovine retina. 

Unite de Recherches Gerontologiques, IT. 118 INSERM, Paris, France. 

Acidic fibroblast .growth factor (aFGF) is a signalling molecule implicated in a wide 
variety of buccal processes such as cell growth, differentiation and survival. It has 
been purified from bovine retina: The present study was carried out to detect which cells 
m the bovine retina expressed aFGF at the different stages of embryonic and post-natal 
development. The specific aFGF mRNA and protein were detectedby in situ 
hybridation employing riboprobes and immunocytochemistry using affinity purified 

either technique until 4-5 months and then there was progressive expression of aFGF 
vnfh terminal morphogenesis of the retina. By 8-9 months of embryonic development 
..nuclei of the 3 neuronal layers (ganglion cell layer, inner and outer nuclear layens) were 
aU uniformly and intensely labeled. A slight labeling of the pigmented epithelium of the 
retina was also visible throughout development and maturation. These results showed a 
good correlation between message and protein expression in these cell types. In contrast 

ghal cells m the nerve fiber layer and vascular endothelial cells displayed a nuclear ' 
immunostaimng for the protein in the absence of message. These data suggest that aFGF 
plays a role m the late steps of retinal differentiation by autocrine and paracrine 
mechanisms. 

PMID: 7507349 [PubMed - indexed for MEDLINE] 
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The p21(Cipl) protein, a cyclin inhibitor, regulates the levels and the 
intracellular localization of CDC25A in mice regenerating Overs. 

^M^m, SerratosaJ, PantoJaC, CanelaN, CmibMmO, Serrano M . 

Department of Cell Biology and Pathology, Faculty of Medicine, Institut dTnvestigacions 
Deques August Pi Sunyer (IDIBAPS), University of Barceiona/Barcelo^ SpaT 

Liver celfc from P 2l(Cipl-/-) mice subjected to partial hepatectomy (PH) progress into 
DNA synthes* faster than those from wild-type mice, ThL cells afco sho'w fpTemaL 
induction of cyclm E/cyclm-dependent kinase (CDK) 2 activity. We studied the 
mechanisms whereby cells lacking P 2 1 (Cipl) showed a premature induction of this 

S^ WS ? CDK2 ' Cydin E ' «* P 27 ^ 1 ) w * re similar ™ both wild- 
^ , P2 ! ( P } m,CC » th ° SC ofthG activ ator CDC25A were much higher in 
P ? S P w l" 1 , 69 ^ 311(1 ^generating livers than in wild-type animals. Moreover 
p/1 (Up!-/-) cells also showed a premature translocation of CDC25A from cytoplasm 
tSTw' ^ CCt0piC ex P ression of P21(Cipl) into mice embryo fibroblasts from . 

SISf f r r^^^ ' eVeIS ° f GPC25A ^ dela y ed its nuc,ear ^location. 
The levels of CDC25A messenger RNA in p21(Cipl-/-) cells were higher than in wild- 
type cells, suggesting that this, increase might be responsible, at least in part, for the high 

W° £ , A Pr0fein diese ce,,s - Thus > Ae resuIts re P° rte d here indicate that 
p/iUUpl) regulates the levels and the intracellular localization of CDC25A We also 
found a good correlation between CDC25A nuclear translocation and cyclin E/CDK2 
actuation. In conclusion, premature translocation of CDC25A to the nucleus might be 
involved m the advanced induction of cyclin E/CDK2 activity and DNA replication in 
cells from animals. lacking p21(Cipl). 

PMID: 1 1981756 (PubMed - indexed for MEDLINE] 



Alteration of frizzled expression in renal cell carcinoma. 
JansscnsN, AnaYiesL, JaiucotM, P^raX Bakkcr A. 

mRNApfn &C } m f V T tt } ° fmZZled rCCeptors * oogenesis, we investigated 

qSStfv* PGR ^ ^i ma ? hed) n0mial tiSSUC S3m P ,es - usin e real-time 
quanutative PCR. We observed that (he mRNA level of Fzd5 was markedly increased in 
8 of 1 1 ren al carcinoma samples whilst FzdS mRNA was increased in 7 of I UmT 
carcmoma samples. Western blot analysis of crude membrane fractions revealS that 

SfSSX^W ^ T?*- tUm0r/n0nnal ^ - -2^33 S the 

tS^S^^f^Tf"" 1 pathway activation was ^ 

tne increased expression of a set- of target genes. Using a kidney tumor tissue arrav FrdS 
protem express.cn was investigated in a broader panel of kidney I^SSTftdS^ 
membrane staring was detected in 30% of clear cell carcinomi h£ Sw2 ' 
correlate w,th nuclear cydin DI staining in the sampies. oJS^^^Sm 
express,^ of certam members of the Fzd family, and "heir downstream fSet clfd 
prov.de akemauve mechanisms leading to activation of the Wnt signatSwTy „ 
renal carc.nogenes.s. Fzd family members may have a role as a biomarker 

PMID: 15557753 [PubMed - indexed for MEDLINE] 
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Abstract 

To evaluate the involvement of frizzled receptors (F2ds) 
in oncogenesis, we investigated mRNA expression lev- 
els of several human Fzds in more than 30 differ- 
ent human tumor samples and their corresponding 
(matched) normal tissue samples, using real-time quan- 
titative PCR. We observed that the mRNA level of Fzd5 
was markedly increased in 8 of 11 renal carcinoma sam- 
ples whilst Fzd8 mRNA was increased in 7 of 11 renal 
carcinoma samples. Western blot analysis of crude 
membrane fractions revealed that Fzd5 protein expres- 
sion in the matched tumor/nprmal kidney samples corre- 
lated with the observed mRNA level. Wnt/p-catenin sig- 
naling pathway activation was confirmed by the in- 
creased expression of a set of target genes. Using a kid- 
ney tumor tissue array, Fzd5 protein expression was 
investigated in a broader panel of kidney tumor samples. 
F2d5 membrane staining was detected in 30% of clear 
cell carcinomas, and there was a strong correlation with 
nuclear cycliri Dl staining in the samples. Our data sug- 
gested lhat altered expression of certain members of the 



F2d family, and their downstream targets, could provide 
alternative mechanisms leading to activation, of the Wnt 
signaling pathway in renal carcinogenesis. F2d family 
members may have a role as a biomarker. 

Copyright ©2004 5. K>» »er AG, B*s*t 



Introduction 

The Wnt signaling pathway is evolutionary conserved 
and controls many events during embryonic develop- 
ment. Members of the Wnt gene family of secreted glyco- 
proteins are involved in embryonic induction, generation 
of cell polarity, cell proliferation and the determination of 
cell fate [1,2], Recently, it has become evident that the 
Wnt pathway is also deregulated in a range of tumors [3]. 

The Wnt signaling pathway is activated when Wnt pro- 
teins bind to a cell surface receptor complex consisting of 
a member of the frizzled receptor (Fzd) family and either 
low-density-lipoprotein receptor-related protein (LRP)5 
or LRP6 [A y 5 J. A detailed characterization of the Fzds. 
and the immediate downstream events after Wnt binding 
has been hampered by the lack of pure biologically active 
Wnls. 

Downstream of the receptor complex, three pathways 
may be initialed, depending on the composition of the 
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, ligahd and receptor complex. The 'Wnl/p-catenin path- 

way*, the " Wm/Ca 2+ pathway or the Writ polarity path- 
way' (6). The Writ/p-catcrun pathway has been linked to 
carcinogenesis. Genetic alterations in components of this 
pathway (adenomatous polyposis coli, APC, axin and JJ- 
. catenin) can result in the accumulation of non-phosphory- 
. Jatedp-catenin (3, 7] and this can promote carcinogenesis. 
Conversely, neither the Wnt/Ca 3 * pathway nor the Wnt 
polarity pathway involves the activation of P-catenin [for 
review, see ref. 1 , 6). 

Mutations in one of the three regulatory genes (APC, 
p-catenin and axih), overexpression of Wnts and Fzds or 
the expression of a constitutively active Fzd have been 
linked to Wnl/3-catenin pathway activation in various 
. tumors [8, 9]. 

To evaluate the involvement of Fzds in oncogenesis, 
we investigated mRNA expression levels of several hu- 
man Fzds (Fzd2 ( 3, 5, 6, 7, 8 and 9) in more than 30 differ- 
ent human tumor samples using real-time quantitative 
PCR. Each sample was compared with its corresponding 
(matched) normal tissue sample. The most striking obser- 
vation was the dramatically increased Fzd5 and Fzd8 
mRNA expression seen in the renal carcinoma samples. 
This was confirmed at the protein Jevel using Western 
blotting- Kidney tumor tissue arrays confirmed Fzd5 
membrane staining in 30% of clear cell carcinomas, with 
nuclear cyclin Dl showing a strong correlation with the 
Fzd5 membrane labeling. Fzd8 protein expression analy- 
sis was not performed due to the Jack of suitable reagents. 
These data suggest that Fzd5 may have a role in renal cell 
carcinogenesis due to its frequent overexpression ob: 
served in these tumor samples. Potential future applica- 
tions could include uses in tumor targeting or as a poten- 
tial biomarker. 



Materials and Methods 

Tissiie Samples 

Frozen tumor tissue samples with corresponding normal tissue 
from the same patient were derived either from human biopsy. or 
autopsy material (Department or Pathology, University of Antwerp; 
kindly provided by Prof. £ V 3n Marck). Tissue specimens were 
snap-frozen in liquid nitrogen and kepi at ~S0*C until use. Frozen 
sections of kidney tumor and normal tissue samples were stained 
with hcmatoxylin-eosin to support the pathologist's observations and 
to confirm the type of kidney tumor. Pa raffin-em bedded tissue slides 
of renal carcinoma, lung carcinoma, breast and colon carcinoma 
were obtained, after encryption, from the Department of PaihoJogv 
(Middeiheim Hospital. Antwerp. Belgium). The CLI human kidney 
cancer (SupeiBioChips Laboratories) tissue array used in this sl\)dy 
contained 59 tissue samples consisting of 9 normal kidney tissues. 
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30 clear cell renal carcinoma samples and another 20 renal cell lumor 
types (chromophil, chromophobe, papillary type, collecting duct car- 
cinoma and samples with mixed typesX 

RNA Isolation and Reverse Transcription 
Total RNA was extracted from tissue specimens using Ultraspec 
Reagent (Biotecx. USA) according to the manufacturers instruc- 
tions. All total RNA was routinely treated with DNase (DNA-free kit, 
Ambion, USA). I ug of total RNA was used to synthesize cDNA 
using otigo-dT primers (Superscript; Inviirogen, Merelbeke, Bel- 
gium^ Reverse transcription was performed at 42 # C for 60 min, fol- 
lowed by 70* C for 1 0 min. 

Real-Time PCR, 

ReaMime PCR was performed on either an ABJ Prism 7700 or 
7900 Sequence detection system (Ferkin-Bmer Applied Biosystems, 
Foster City, Calif., USA) using the 5' nuclease assay ffaqman™).* 
Primer and probe sequences were designed using Primer Express (PE 
Applied Biosystems) and are shown in table I. Quantitative values, 
were obtained from the threshold cycle number (O) al which the 
increase in the signal associated with exponential growth of PCR 
products is detected using PE Biosystems analysis software, accord- 
ing to the manufacturers instructions. . - V 

We have used the 2-*m method to analyze the relative changes 
in gene expression of the different genes between tumor and corre- 
sponding normal tissue samples. We used the mitochondrial ATP 
synthase 6 (ATPsy6) as the endogenous RNA con Irol [ 1 0; J anssens et 
al., in prep.}, and each sample was normalized to its ATPsy6 content. 
The relative expression or the target gene was also normalized to the 
corresponding normal tissue sample (calibrator). Results, expressed . 
as the amount of target sample relative to the ATPsy6 gene and Ibe 
- calibrator, were determined as" follows, N = 2~ ,ACmm * jk ~ AOraiibwon 
where the ACl values of the sample and calibrator were determined 
by subtracting the average Cl value of the sample and the calibrator . 
from the average Cl value or the ATPsy6 gene. Amplification was 
done essentially as described previously f 1 0J. Briefly, 50 ul of reac- 
tion mixture containing 1 pi of dDNA template were amplified as 
follows; incubation at 50*C for 2 mm, denaturation at 95'C for 
1 0 min, and 50 cycles at 95"Cfor 15 s and60*Cfor r min. 

Membrane Preparation. Gel Electrophoresis and Immunoblotting 
Tissue samples were weighed, suspended at a 40 times dilution 
1= 40 volumes/original wet weight of tissue (v/w)J in 50 mAf Tns- 
HCl bulTer, pH 7.4, and homogenized with an Ultra-Turrax homoge- 
nizes After cent rifugation for JO min, 24,000$ at 4 *C, the pellet was 
washed three limes by resuspension in the Tris-HO bufTer followed . 
by centrifugal ion. The final membrane pellets were stored at -80*C 
in the Tris-HCI buffer at a concentration of 0.5- 1 mgrtnt. The Brad- 
ford protein assay (Pierce, Aalst, Belgium) was used for protein deter- 
mination. Proteins (50 ug) were separated by 8% SDS-P AGE and 
transferred to nitrocellulose membranes. After primary and second- 
ary antibody incubation, the am igen-ahtibody- peroxidase complex 
was detected by cheniiluminescence (Pierce, Aalst, Belgium) accord- 
ing to the manufacturer's instpjclions. 

Immunohisiochemisiry 

Immunohistochemislry was performed on lO-u^AihicIc cryosec- 
tions of unfixed tumor tissue and on 6->iA/-thick par a (Tin "sections 
from renal lumor tissue fixed by formalin or by an alcohol-based axa- 
tive. Adjacent tissue blocks from renal tumors were processed with 
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Table 1. Real-time PCR primer and probe sequences 



Target cDNA 


' Primer/probe sequences* 


Fragment 
position b 


Accession 
No.' 


FZD2 


(a) 5'-atcccgtgcc.cggc-3* 

(b) 5*-£tattlgatcaigtagaccgtgaagic-3* 

ic\ 5'-KAM-tacnf*wct>rt»rfltDlriw*-TA MP A V 


1,548-1,613 


AB017364 

• 


FZD3 


(a) 3'-lracgccagtgcatggg-3' 

(b) 5'-iigicaccttcaaittt3ttcatcg-3' 

fc) J*-FAM-4*tilofV*C poivlr t!ia(*f»?»ijukf ttt TAXAD A V 

\ v / * •* ,F, ^«ivtvi-^guaiii.irfdttaicaicciiii- 1 /\mjva*J 


1,473-1547 


- AB039723 

a 


. F2D5 


(a) 5'-igccaaggtcacttecgt»-3' 

(b) 5'-tctccaaelcgccgeg-3* 

IW J • r/\m-ttiicaiggigtlgligCCCCC- 1 AIWKA-j 


2,143-2,204 


HSU43318 


FZD6 


(a) 5'-ctagcacccccaggiiaagagaa-3' 

(b) S'-cccagagagictggagaiggatO' 

icj ^ -rAM-tgiggtgaacctgcctcgccag-TAMRA-3 


2,094-2,170 


AF072873 


FZD7 


(a) 5'-cetglggaaaggcataaeigtg-3' 

(b) 3'-aaccaacgggaaacctcaga-3' 

(c) 5 -FAM-aagcoaciti tataggeaaagcagcgcaa-TAMRA-3' 


2,687-2,762 

* * 


AB017365 


F2D8 


(a) 5'-tgiggtcggtgcicigctt-3' 

(b) 5'-cgctccatgtcgaiaaggaag-3' 

(c) 5 -FAM-ccaccttcgccaccgtdcca-TAMRA-3* 


853-919 


* AB043703 


F2D9 


(a) 5'-ccccgggagctacggac-3' -* 

(b) 5 -lagtcatgtgcaagaccacgg-3' 

(c) 5VFAM-tggcacgcactgccaclataaggci-TAMRA-3*. - - 


J, 696- J, 763 

* 


HSU82I69 


ATPsy6 


(a) 5'-ggtgtaggtgtgcciigt^gi-3' 
<b) 5 -ggjgcgcagtgatiataggcil-3' 

\w ** * t\m •>**5*£ggciagggcaiiiiiaaicit3gagcg- J AMKA*J 


. 580-503 


AF36827I 


c-myc 


(a) 5 -accaecDgcngrgacictga-3' 

(b) 5Mccagcagaaegtgaiccagact-3* 

fc) 3 ; -FAM-acctUigcc3ggagccigcctci-TAMRA-3' 


1.297-1,413 


HSMYCI 


Cyclin Dl 


(3)5'-gaacetggccgcaaigac-3*- 

(b) S'-egcetctggcaittiggaO* 

(c) 5'-FAM-ccgcacgamcattgaac3cil-TAMRA-3' 


4,148-4,2)1. 


AF51 1593 


PPAR5 


(a) 5'-agcaicctCDccggcaaa-3' 

(b) 5'-gtctcg3tgicgtggatcac3-3' * 

(c) 5'-FAM-ccagccacacggcgccct-TAMRA-3' 


932-990 . 


NM-006238 . 


a (a) - Sense primer, (b) = anliscnsc primer* (c) = probe, 

b Fragment positions are given according to the EMBUGenBank accession No. ofcloned sequence. 
c EMBJUGenBank accession No. of cloned sequence. 



formalin and with the alcohol-based fixative. Para/fin and eryosec- 
lions were mounted on poly-I-Iysine or 3-aminopropyltrietboxys>- 
lane-gelatin-coated slides. The 59 tissue samples on the CL1 human 
renal cancer tissue array, slides were, all fixed with formalin and 
embedded in paraffin, and the sections were mounted on stJane- 
coatcd slides {SuperBioChips Laboratories). In addition to renal car- 
cinoma tissue, sections from 10 formalin-fixed paraffin- em bedded 
lung carcinomas were stained for Fzd5. Colon and breast tumors 



were used as positive controls for p-caienin and cyclin Dl immuno- 
staining. ... 

The following primary antibodies were used; F2d5 (Upstate Bio- 
technology), P-catcnin (Zymed), cyclin Dl (Zymcd). E^cadherin 
(Novaccstra) and cytokeratin 8 (Biogenex). Cryoseciions were fixed 
in 4% paraformaldehyde for 5 min; acetone for 5 min at -20° C and 
70% el hand' for 5 min. Endogenous peroxidase activity was 
quenched using 3% H;(X Paraffin sections of formalin- and alcohol- 
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Table 2. Fzd mRNA expression m tumor samples 



Sample 3 Tissue 



Tumor type 



.vfold expression increase 6 



F2D2 F2D3 FZD5 



FZD6 



F2D7 



FZD8 



F2P9 



133702 

137770 

138844 

137146 

137564 

133408 

139188 

135699 

139064 

134585 

140279 



137252 
138256 
146472 

145845 
146145 
146630 
146633 
147055 



kidney 
kidney 

kidney 
kidney 
kidney 
kidnev 
kidney 
kidney 
kidney 
kidney 
kidney 



ovary 
ovary 
ovary 

colon 
colon 
colon 
colon 
colon 



■ adenocarcinoma 
renal eel) carcinoma 
renal cell carcinoma 
renal cell carcinoma 
renal cell carcinoma 
renal cell carcinoma 
renal cell carcinoma 
renal cell carcinoma 
renal cell carcinoma 
renal cell carcinoma 
renal celf carcinoma 



0.17 
1.23 
0.31 
0.47 
3.43 
23.97 
3.7 
2.6 ■ 
5.16 
1.47 
733 



0.5 
3J6 
0.11 
0.45 
2.95 
0.98 
0.56 
0.36 
1.82 
0.72 
18.17 



3.72 
826 
6.84 
3J6 
9.6 
6.39 
0.66 
4.83 
U5 
1.38 
3.93 



2.13 
2.61 
1.18 
2.23 
1.57 
2.48 
1.33- 
6.9 
2.36 
0.47 
6.05 



0.06 

1.3 

0.23 

0.73 

7.64 

505 

0.37 

0.34 

1.3 

0.09. 
6.41 



1.32 
8.2 J 
3.J8 
4.42 
3.52 
16.72 
4,41 
2.54 
2.19 

o;6 

<65 



carcinosarcoma 
papillary carcinoma 
serous papillary carcinoma 

adenocarcinoma 
adenocarcinoma 
adenocarcinoma 
adenocarcinoma 
adenocarcinoma 



0.4 
0.7 

0.39 

3.45 
5.46 
4.01 
1.87 
0.66 



3J9 
5.17 
3.29 

3.36 
6.74 
4.73 
1.07 
1.41 



0.49 
1.22 
2.56 

0.58 

4.42 

0.3 

1.62 

1.01 



0.44 
2.19 
1.34 

"1-22. 

6J7 

1.16 

1.47 

1.33 



0.92 

o;4 

3.94 

K67 

3.36 

0.54 

0.51 

0.24 



0.54 
0.11 
0.67 

U4 

6.08 
0.55 
2.07 
0.79 . 



5.44 

2.8 

1.37 



1*53 
2.31 
2.85 




0.5? 

1.99 
0.15 
0.12 

4,87 



142253 
143036 
.138938 
133563 
144387 
137304 
144546 
137621 
145552 . 



Jung 

lung 

lung 

Jung 

Jung 

lung 

lung 

lung 

lung 



adenocarcinoma 
adenocarcinoma 
adenocarcinoma 
adenocarcinoma 
adenocarcinoma 
acinary adenocarcinoma 
epithelial carcinoma 
epithelial carcinoma 
epithelial carcinoma 



0.67 


5.17 


0.43 


1.87 


033 


0.59 


0.41 


0.67 


1.24 


2.63 


1.J3 


l.ll 


1.04 


9.19 


0.93 


0.88 


1.07 


1.3 


1.73 


0.38 


0.76 


2.76 


1.23 


0.31 


1.34 


0.99 


0.78 


4.97 


12.85 


0.43 


0.49 


0.25 


2.73 


0.54 




0.54 


9.15 


1.65 


.125 


0.63 


3.41 


2.64 


0.1 


0.67 


0^21 


8.1 J 


- 0.27 


0.97 


1.32 


1.52 


2.19 


0.37 


2.26 


0.52 


0.45 


1.06 


1.09 




0.16 


0.91 


1.47 


0.13 


0 J 


0.24 


0.6 


19.43 


1.33 


23.12 


2.43 


0.33 


19.32 


3.91 


0.45 


1.53 


18.98 


32.82 


16.7 


66.1 


3.51 


0.03 


6.67 


8.44 


2.28 . 


20.82 


1.71 


0.52 


0.4 


0.54 


0.29 


0.88 . 


0.28 


0.19 




0.93 


3.02 


0.2 







143987 
137332 
139026 
136049 
140794 



I est is 
stomach 
stroma 
rectum 
gall bladder 



embryonal carcinoma 
leiomyoma 

gastrointestinal carcinoma 
adenocarcinoma 
adenosquamous carcinoma 



* Sample idemifical ion numbers were given by the pathologist. 

b : R "" , ) S a [ C «P rcS5cd as *-fi>W increase of the gene in the tumor tissue sample compared to its matched normal tissue sample after 
normali?mg both samples on the basis of their ATPsy6 content. A cutolT of 3-fold was used to define differential expression. Significant 
<> 3-fold) increases m the expression level of the Fzd receptor are shown in italics. - = Expression of the target gene undetectable in one or both 
. samples (tumor and/or normal). 



fixed tissue were processed with a irypsu^itrate-microwave pre- 
treatment or with an £DTA- microwave pret/ealment to unmask epi- 
topes, respectively. Sections were then sequentially processed with 
primary antibodies. biotinyfcted secondary antibodies and streptav- 
idin-biotin-peroxidase <Fzd5. E-cadherin and cytokeratin 8). For 
catenin. polyclonal rabbit aniibody with the EnVision detection svj- 
tem (DAKO) was used. The slides were further developed using 3- 
amino-9-eihyIcarbazoie. eoumerstained with hemalaun and mount- 



ed with glycerin gelatin. Stained sections were observed with an 
Axioplan 2 microscope equipped with an Axiocam digital camera. 
Staining intensity for 0-catenin was scored as no staining (value 0), 
weak and fragmentary staining of cell membranes (value )) % moder- 
ate membrane staining of less than 50% of the tumor cells (value-2). 
moderate membrane staining of more than 50% of tumor cells (value 
3) and strong membrane staining of more than 75% of tumor cells 
(value 4). The cyclin Dl staining was quantified as a percentage of 
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133702 137770 138344 137146 137564 

T N T N T N T * N T H 



133408 
T N 




Actin 



139188 135699 ■ 139064 134585 

r T N TNT N 



140273 
T N 



F»g. 1. Fzd5 protein expression in matched 
tumor/normal kidney samples. T = Tumor 
sample; N » matched normal sample. Sam- 
ple iden I i/ka lion numbers are given by the 
pathologist. 




Fh)S 



Actin 




cyclin Dl-immunoreaciive nuclei in tumor cells in three fields (area: 
J 8,64 1 urn 7 ) of each tumor sample: The total number of tumor nuclei 
ranged from 51 to 164. The correlation between Fzd5 and p-catemn 
staining, arid between Fid5 and cyclin D|. staining was evahiajed by 
the Mann-Whitney U test. . 



sion level was observed to be relatively low in these lung 
tissues compared to the other tissues investigated. 



Results 

Fzd mRNA Expression in Matched Human 

Tumor /Normal Tissue Samples 

Fzd expression in tumor tissue was compared with F2d 
expression in matched normal tissue samples and normal- 
ized to the expression of the housekeeping gene mitochon- 
drial ATPsy6 (table 2). A 3-fold increase was considered 
significant. . 

In the kidney tumor samples, in which 10 of 1 1 sam- 
ples were clear cell carcinomas, Fzd5 was upregulaled in 8 
of the 1 1 samples. A similar observation was made for 
Fzd8 and Fzd2, which were upregulaled in 7 and 5 renal 
tumor samples, respectively. None of the other Fzds 
showed consistent upregula lion. 

Both Fzd2 and Fzd3 were upregulaled in 3 of 5 colon 
adenocarcinoma samples. No other Fzd expression was 
significantly different compared to the normal colon tis- 
sue sample. F2d3 showed an increased expression in all 3 
ovarian carcinoma samples. Fzd expression was not al- 
tered in any of the lung tumor samples. The Fzd expres- 



Westem Blot and Jmmitnohistochemistry' Analysis on 
Renal Carcinomas 

Western blotting was used to evaluate Fzd5 protein 
expression in the renal tissue samples used for mRNA 
expression analysis. Membrane fractions of the renal car- 
cinoma and corresponding normal tissue samples were 
prepared. As previously shown (table 2\ Fzd5;mRNA 
upregiilation was detected in 8 of the I J matched tumor/ 
normal samples. Increased expression of Fzd5 protein 
was seen in membrane fractions from 9 of I I samples 
(fig. 1). Jn most cases, concomitant increases in Fzd5 
mRNA and protein levels were observed. 

Hematoxylin-eosin staining of the cryoseclioned' tu- 
mors confirmed the presence of clear cell carcinoma. 
Fzd5 imm unoslaining in clear cell carcinoma (fig. 2a, b) 
was observed to be localized to cell membranes and to 
. nuclei. Cytokeratin 8 (fig. 2c) and E-cadherin (rig. 2d) 
were also detected. E-cadherin labeling of cell membranes 
in clear ceJJ carcinoma was less intense and patchy com- 
pared to epithelial cells of normal renal tissue. P-Catenin 
staining was confined to the cell membrane. P-Caienin 
levels in the clear cell carcinoma membranes were highly 
variable. Nuclear p-catenin staining was not observed in 
any of the samples. Epithelial cells in normal renal, tissue 
showed intense membrane staining and some cytoplasmic 
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Staining. In addition, weak p-catenin staining of endothe- 
lial cells was observed. A high number of cyclin Dl- 
irnmunoreactive nuclei was observed in cleared) carcino- 
. ma (fig. 21). 

On the CL1 human kidney cancer tissue array, 30% 
(n = 9) of the dear cell carcinoma tumor samples (n = 30) 
showed F2d5 immun ©reactivity (fig. 3a). Membrane-as- 
sociated p-catenin staining was observed in 33% of the 
Fzd5-positive tumor samples and 57% of Fzd5-negative 
clear renal cell carcinoma samples (table 3; Jig. 3c, d). 
Again, nuclear 0-cateriin staining was never observed. 
Statistical analysis did not reveal a diJTerehce in", the 
expression of P-catenin between Fzd^positive and Fzd5- 
negative tumor samples (figi 4a). 

Nuclear cyclin Dl was observed in. 89% of the Fzd5- 
positive clear ceil carcinoma sample? (table 3; %3e). 
Only 38% of the Fzd5-negative clear ceil carcinoma sam- 
ples, contained nuclear cyclin Dl. Statistical analysis 
showed a significantly higher cyclin Dl expression in 
Fzd5-positive compared to F2d5-negative tumor samples 
(fig. 4b). 



c-myci Cyclin Dl and Per oxisome 

Ptoiiferotor-Actiyated Receptor S Expression in Renal 
Carcinomas 

Wht/p-catenin.pathway activation in the kidney tissue 
samples was investigated looking at the expression of a 
number of target genes, which have previously been 
shown to be .upregulated when the pathway is active. 
Gene expression of c-myc, cyclin Dl and peroxisome 
proliferalor-activated receptor 5 (PPAR5) was analyzed. 
Increased expression of both c-myc and cyclin Dl genes 
have been implicated in cell proliferation, and carcino- 
genesis, and they represent two of the more important and 
closely studied target genes of the Wnt signaling pathway. 



Expression of PPAR5 was investigated because it repre- 
sents a direct target ofthe P-catenin pathway with T cell 
factor binding sites in its promoter. Expression of c-myc 
was found to be upregulated in 7 of 1 1, whilst cyclin Dl 
was upreguJated in 10 of 1 1 kidney tumor samples (ta- 
ble 4). PPAR6 was upregulated in 9 cases. All three select- 
ed target genes showed a marked upregulation in . the 
majority of renal tumors, which suggested that the Wnt/ 
P-catenin pathway was activated in these samples: 



Discussion 

Fzd family member overexpression has been postu- 
lated to play key roles in different tumor types such as 
esophageal carcinoma [II], gastric cancer [12] and head 
and neck squamous cell carcinoma [13], The current 
study evaluated the potential implication of Fzds as 
tumor-associated antigens in different tumor types. We 
screened a number of matched normal/tumor tissue sam- 
ples for the expression of a variety of Fzds using real-time 
quantitative PCR. 

Results obtained revealed that both Fzd5 and Fzd8 



Fig. 2. Dismbuiion of Fzd5 fa, b) ( cyioJceraiin 8 (c) f E-cadherin (d) 
and ^catcnin (*) immunoreacrivitv J n para/fin sections I>om a renal 
tvmoi processed by an alcohol fixaiivc. From ihe same tumor, a for- 
'malm-fixcd block was used Tor cyclin Dl immunostaining (f). F2d5 
immunosiaming shows distinct immunoreaciiviiv in cell membranes 
and in nuclei of clear cell renal carcinoma; Dear cells are tmmuno/c- 
active for cyloJce/ai in 8. P-Caienin and E-cadherin staining of mem- 
branes is rather weak, and not uniform, in clear cell renal carcinoma. 
Nuclear p-catenin imrnunoreaclivjiy was nol observed. In clear cell 
renal carcinoma, many nuclei showed cyclin Dl immunoreacliviiy. 
The insei in f shows a detailed view of ihe cyclin DJ labeling of nuclei 
m dear cell renal carcinoma. 



mRNA were overexpressed in the majority of renal carci- 
noma samples when compared to the matched normal 
kidney samples. Fzd2 and F2d3 were upregulated in 3 of 5 
colon adenocarcinoma samples. Fzd3 was also upregu- 
Jated in the ovarian tumor tissue samples compared to the 
matched normal tissue samples. None of the other Fzds 
evaluated showed a specific differential expression pat- 
tern in any of the samples studied. Fzd5 and Fzd 8 show 
69. 1 % similarity and belong to the same subgroup of Fzds 
(14], The significantly higher expression of Fzd5 and 
Fzd8 in the renal tumor samples, as compared to the nor- 
mal renal samples, suggests a higher probability that this 
subgroup may be implicated in the progression of renal 
cancer. Therefore, we decided to further examine the pos- 
sible role of Fzd5 in rena J carcinoma. 

We observed, using Western Wotting, that protein lev- 
els were mostly consistent with mRNA levels in the tumor 
samples. In order to be able to determine the Fzd5 expres- 
sion in a broader range of kidney tissues, we utilized a 
tissue array. Fzd5 membrane staining was detected in 9 of 
30 (30%) clear cell carcinomas, and importantly, mem- 
brane staining was not detected in the matched 9 normal 
. kidney tissue samples. 

Since the Wnt signaling pathway appears to play an 
important role in embryonic development, in particular 
embryonic kidney induction ( 15, 16], activation of this 
pathway in the adult kidney due to mutation or overex- 



cited Recepiors in Renal Cell Carcinoma TumorBiol?OWo5:l6l-l7l 



167 



"7 ~ 



.1- 



-JCJ 



* < 



50 }xm 



50 



k * * * * - * ' . 7 * **" *r » 



► • -v- » . its-*.-- — — * _ * 

r- ■ « * * r7_ — w -S3* , 



tmm ' - V * - -» I 



-Array sample 45 



50 fim 



Tumoi Bio! 20O-*:?5: 161- 1 7 1 



JansscnVAndrics/Janicol/Percja/Bsjtkcr 



Table 3. Correlation between Fzd5 and 
0<atenin or cyclin Dl expression 



ft-Carenin.+ 
0-Catenin - 
Cyclin Dl + 
CycKnDl- 



Fzd5, % 



33 
67 
89 
II 



57 
43 
38 
62 



pressjon of one of the components or the pathway could 
be a determining factor in the development of ren'aJ can- 
cers. Therefore, several studies have looked into the possi- 
ble function the Wnt/^calenin pathway plays in renal 
carcinogenesis. APC gene mutations have been demon- 
strated not to be involved in renal carcinoid [17, 18]. Jn 
addition, p-caienin mutations are rare events in renal car- 
cinoma {19, 20]. Nevertheless, cytoplasmic accumulation 
of 0-catenin has.been reported in a number of renal cell 
carcinomas [19], and thus the Wnt signaling pathway 



Table 4. Wnt/p<3itnin target gene mRNA expression 



m tumor samples 



Sample Tissue 



Tumor type 



x-fold expression increase 1 * 



133702 kidney adenocarcinoma 

137770 kidney renal cell carcinoma 

138844 kidney renal cell carcinoma 

137146 . kidney renal cell carcinoma 

137564 kidnty renal cell carcinoma 

133408 kidney renal cell carcinoma 

139188 kidney renal cell carcinoma 

135699 kidney renal cell carcinoma 

J 39064 kidney renal cell carcinoma 

134583 kidney renal cell carcinoma 

140279 kidney renal cell carcinoma 

I ^ mS * C *™ lifi «»'*ori numbers were given by ihe pathologist. " ~ 

Results are expressed as x-ibJd increase or the eene in r h/r»mn, 
to its matched normal tissue Samole afler 11?, « «*e tumor tissue sample compared 

ATPsy6 content. A nicHS^ « °» '* bas » 



c-myc 


cyclin Dl 


PPAR5 


0.54 


4.52 


0,52 


J 33 . 


28.91 


5.53 


2.39 


3S.49 


7.48 


7.62 


15.38 


3.15 ) 


33.82 


19.65 


8.65 


7.8 


8.92 


4.86 


2.22 


9.92 


11.67 


12.18 


22.73 


5J3 . 


22. 11 


5.04 


6.33 


1.79 


1.14 


1.67 


61.68 


54.95 


14,62 
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F>9. 4. Box plot charts (thick black line « 
median) illustrating the relationship be- 
tween Fid5 immunostaining and 0-catenm 
(a) and cyclin Dl (b) expression in clear cell 
renal carcinoma. No significant correlation 
was observed bet ween the 0-catenin scores of 
Fzd5-posilive and -negative clear cell renal 
carcinoma. Nuclear cyclin. Dl staining in 
clear cell renal carcinoma showed 3 signifi- 
cant di/Te/eoce between F2d5-posiitve and 
F2d5-negative lumor samples. 
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might act as an inducer of mrnorigenesis in the kidney. 
This view is supported by the observation that aberrant 
activity of the Wnt signaling pathway has been reported in 
renaJ-cancer-derived eel) lines. Zanget a). [21] observed a 
higher expression level of Wnt5a and Fzd5 mRNA in the 
renal cancer cell line GRC-1 than in the norma] renal cell 
line HK-2. Expression of P-cateniri was also higher in 
GRC-1 than in HK>2. 

To determine the status of the canonical Wnt signaling 
pathway in our renal carcinoma samples, we have quan.ti- 
tated the mRNA levels of three important target genes of 
T ceil factor/lymphoid enhancer factor activation by 
P-catenin. The mRNA levels of these three target genes 
{c-rnyc, cyclin D 1 and PPAR 5) correlated largely with the 
expression, of F2d5 in these samples, suggesting that the * 
. canonical pathway is activated. On the kidney tissue 
array, cyclin Dl protein expression showed a highly sig- 
nificant correlation with the Fzd5 expression in the tumor 
samples (table 3). Cyclin Dl protein is frequently. overex- 
pressed in various tumors, but in only a. proportion of the 
cases is it due to amplification of the cyclin Dl gene [22]. 
Therefore, other mechanisms such as upregulatiori of gene 
. transcription may play a substantial role in the overex- 
pression of cyclin Dl [23-26]. Our data, showing in- 
creased cyclin Dl expression in renal carcinoma samples, 
are consistent with the results of Stassar et a J. [27]. They 
studied genes that are associated with human renal carci- 
noma by suppression subtract jve hybridization and re- 
ported 14 differentially expressed genes, including cyclin 
Dl. Although we would have expected an increased nu- 
clear ^catenin staining, nuclear accumulation of 0-cate- 



• nin was not observed in any of the tumors or on the tissue 
array. This result is consistent with the data presented for 
renal cell carcinomas by Kim et. aL H9]. They did not 
detect nuclear p-catenin staining in the 52 renal cell carci- 
nomas examined. The lack of nuclear 0-catenin staining: 
has also been reported by others in tumors that might 
have arisen from Wnl/P-catenin pathway activation [28- 
31]. 

While expression of both Wnt5a and Fzd5 does induce 
duplication of the jCenopus head, exogenous expression of 
Fzd5 in a Xenopus model does not induce duplication of 
the head [32]. Fzd5 does not activate the £-catenin signal- 
ing pathway on its own, as the presence of its endogenous 
ligand is also required. Our results.suggest that Fzd5 may 
have a role in renal cell carcinogenesis due to its frequent 
overexpression observed in these tumor samples, and we 
hypothesize that if FzrJ5 is overexpressed, it has a rather 
limited effect, on P-catenin signaling* However, in the 
presence of its endogenous still unknown ligand, it acti- 
vates the canonical Wnt signaling pathway. The elucida- 
tion of this ligand and its binding characteristics is still 
under investigation. Ultimately, knowledge of the specific 
expression patterns of both Wnt and Fzd members could 
lead to directed tumor targeting or could be used as a 
tumor marker. 
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Imrnunohistochemical analysis of NY-ESO-1 antigen expression in normal 
and malignant human tissues. 

Jungbluth AA. Chen YT , Stockert E , Busam KJ Kolb D, Iversen K . Coplan K 
Williamson B , Altorki N, Old LJ. 

Ludwig Institute for Cancer Research, Memorial Sloan-Kettering Cancer Center, New 
York, NY, USA.jungbIua@mskcc.org 

NY-ESO-1, a member of the CT (cancer/testis) family of antigens, is expressed in normal 
testis and in a range of human tumor types. Knowledge of NY-ESO-1 expression has 
depended on RT-PCR detection of rnRNA and there is a need for detecting NY-ESO-1 at 
the protein level. In the present study, a method for the immunochemical detection of 
NY-ESO-1 in paraffin-embedded tissues has been developed and used to define the 
expression pattern of NY-ESO-1 in normal tissues and in a panel of human tumors. No 
normal tissue other than testis showed NY-ESO-1 reactivity, and expression in testis was 
restricted to germ cells particularly spermatogonia. In human tumors, the frequency of 
NY-ESO-1 antigen expression corresponds with past analysis of NY-ESO-I mRNA 
expression e.g,, 20-30% of lung cancers, bladder cancers and melanoma, and no 
expression in colon and renal cancer. Co-typing of NY-ESO-I antigen and mRNA 
expression in a large panel of lung cancers showed a good correlation. There is great 
variability in NY-ESO-1 expression in individual tumors, ranging from an infrequent 
homogeneous pattern of staining to highly heterogeneous antigen expression. Copyright 
2001 Wiley-Liss, Inc. 

PMID: 1 1 35 1 307 [PubMed - indexed for MEDLINE] 
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Multidrug resistance phospkoglycoprotein (ABCBI) in the mouse 
placenta: fetal protection. 

Kalabis.GM, Kostaki A , Andrews lVTH. Petropoulos S. Gibb W. Matthews SG . 
Department of Physiology, University of Toronto, Ontario, Canada. 

The multidrug resistance phosphoglycoprotein ATP-binding cassette subfamily B 
(ABCBI) actively extrudes a range of structurally and functionally diverse xenobiotics as 
well as glucocorticoids. ABCB 1 is present in many cancer cell types as well as in normal 
tissues. Although it has been localized within the mouse placenta, virtually nothing is 
known about its regulation. In the mouse, two genes, Abcbla and Abcblb, encode 
ABCBI. We hypothesized that there are changes in placental Abcbla and Abcblb gene 
expression and ABCBI protein levels during pregnancy. Using in situ hybridization, we 
demonstrated that Abcblb mRNA is the predominant placental isoform and that there are 
profound gestational changes in the expression of both Abcbla and Abcblb rnRNA. 
Placentas from pregnant mice were analyzed between Embryonic Days (E) 9.5 and 19 
(term approximately I9.5d). Abcblb mRNA was detected in invading trophoblast cells 
by E9.5, peaked withjn the placental labyrinth at El 2.5, and dien progressively decreased 
toward term (P < 0.0001). Abcbla mRNA, although lower than that of Abcblb at 
midgestation, paralleled changes in Abcblb mRNA. Changes in Abcbl mRNA were 
reflected by a significant decrease in ABCBI protein (P < 0.05). A strong correlation 
existed between placental Abcb 1 b mRNA and maternal progesterone concentrations, 
indicating a potential role of progesterone in regulation of placental Abcblb mRNA.' In 
conclusion, there are dramatic decreases in Abcbla and Abcblb mRNA and in ABCBI at 
die matemal-fetal interface over the second half of gestation, suggesting that the fetus 
may become increasingly susceptible to the influences of xenobiotics and natural steroids 
in the maternal circulation. 
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Expression of human telomerase reverse transcriptase gene and protein 
and of estrogen and progesterone receptors, in breast tumors: Preliminary 
data trom neo-adjuvant chemo therapy. 



^^miM, Izumiyama N , Hashimoto M, Nakamura K OU^t Kurabayashi R 
NaokiH, HoninaN, Qgawa T, Kaminishi M^ r^TjT , j vuraDayashi K , 

M^Thrnn- "* t d f^ SU n ge T Department ° f Graduate ScI ™« of 

Medicine, The Un.vers.ty of Tokyo, Bunkyo-ku, Tokyo 1 13-8655, Japan, kanmori- 

aiSQguxnin.ac.jp. r 

Human telomerase reverse transcriptase (hTERT), the catalytic subunit of telomerase is 
vejy closely assorted with telomerase activity. Telomerase has been implicatTdT' 
cellular immortalization and carcinogenesis, in situ detection of hTERT will aid in 
deterrnintng the localization of telomerase-positive cells. The aim of this study was to 
detect expression of hTERT mRNA, hTERT protein, estrogen receptor (ER) and 
progesterone receptor (PR) in paraffin-embedded breast tissue samples and to investigate 
the : relationship between hTERT expression and various clinicopathologica. J^SST 
m breast tumo.ngenesis. We used in situ hybridization (ISH) to examine hTERT ZT 
E ^^^histochemistry (IHQ to examine expression of hTERT protein 

SL^r * m ^ mdUding 64 aden °^«> 2 phyllode mmors and their 

adjacent normal breast t.ssues. hTERT gene expression was detected by ISH in 56 (88%) 

d~b^HCi n n n 5 e 2 2 PhyIM K HTERT Pr ° tein eXprcSSi0 " ™ 

detected by IHC m 52 (81%) carcinomas, but m neitherof the 2 phyllode tumors 

Moreover ER and PR were expressed in 42 (66%) and 42 (66%) carcinomas 
respectively, and in neither of the 2 phyllode rumors. In 4 cases of breast carcinoma that 
singly expressed hTERT gene and protein before treatment, neo-adjuvant 
chemotherapy led to disappearance of gene and protein expression in all cases. There was 

deteCti ° n of hTE RT gene expression by ISH and of hTERT 
protein by 1CH in Ussue specimens from breast tumors. These results suggest that 
de echon of hTERT protein by ICH can be used to distinguish breast cancers as a 
potential diagnostic and therapeutic marker. 
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Expression of human telomerase reverse transcriptase gene and 
protein, and of estrogen and progesterone receptors, m breast 
tumors: Preliminary data from neo-adjuvant chemotherapy 
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Abstract. Human telomerase reverse transcriptase (hTERT), 
the catalytic subunit of telomerase, is very closely associated 
with telomerase activity. Telomerase has been implicated m 
cellular immortalization and carcinogenesis. In situ detection of 
hTERT will aid in determining the localization of telomerase- 
positive cells. The aim of this study was to detect expression of 
hTERT mRNA> bTERT protein, estrogen receptor (ER) and 
progesterone receptor (PR) in paraffin- embedded breast tissue 
samples and to investigate the relationship between hTERT 
expression and various clinicopathological parameters in breast 
rumorigenesis. We used in situ hybridization (1SH) to examine 
hTERT gene expression, and inuriunohistochemistry (IHO to 
examine expression of hTERT protein, ER and PR. in breast 
tissues including 64 adenocarcinomas. 2 phyllode tumors and 
their adjacent normal breast tissues. hTERT gene expression 
was delected by 1SH in 56 (88%) carcinomas, but in neither 
of the 2 phyllode tumors. hTERT protein expression was 
delected by JHC in 52 (81%) carcinomas, but in neither of 
the 2 phyllode tumors. Moreover. ER and PR were expressed 
in 42 (66%) and 42 (66%) carcinomas, respectively, and in 
neither of the 2 phyllode rumors. In 4 cases of breast carcinoma 
that strongly expressed hTERT gene and protein before 
treatment, neo adjuvant chemotherapy led to disappearance of 
gene and protein expression in all cases. There was a strong 
correlation between detection of hTERT gene expression by 
JSH and of hTERT protein by )CH in tissue specimens from 
breast tumors. These results suggest that detection of hTERT 
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protein by 1CH can be used to distinguish breast cancers as a 
potential diagnostic and therapeutic marker . 

Introduction 

Breast cancer is the most frequent malignancy in women, 
affecting up to one in every eight females worldwide. Jht 
most important clinicopathological prognostic parameter so 
far identified is the absence or presence of lymph node 
metastasis, but the identification of further parameters for 
both lymph node-positive and -negative patients would 
facilitate an individually based risk-diiected therapy (1). A 
promising emerging molecular marker is telomerase. a 
ribonucleoprotein enzyme complex, which when activated 
or upregulaied allows tumor cells to escape from cellular 
senescence and to proliferate indefinitely (2). The human 
telomere is a simple repeat sequence of six bases (TTAGGG) 
that is located bI the ends of each chromosome (3). Telomeres 
are believed to protect against degeneration, reconstruction, 
fusion, and loss (4) and to promote the homologous pairing 
of chromosomes (5). The end-to-end chromosome fusions 
observed in some rumors may result from the loss of telomeres 
and may be partly responsible for the genetic instability 
associated with lumoiigenesis. Telomerase catalyzes the 
synthesis of telomere DNA and facilitates eel) irnmortahzauon 
through the stabilization of chromosomal structure (6-8). 
Although the expression of the human RNA component of 
telomerase (hTERC) is widespread, the restricted expression 
pattern of the mRNA of hTERT. the human telomerase 
catalytic subunit eene. is correlated with telomerase activity 
(8-13). As telomerase activity seems to be the key player m 
tumor cell immortality, it has importance as a target molecule 
for anti-cancer therapy. Telomerase activity has been shown 
to correlate with poor clinical outcome in neuioblastomas 
and other rumors (14). For breast cancer, howevei. telomerase 
activity is a controversial prognostic marker: some studies 
suggest that telomerase activity . clinicopathological parameters 
and disease outcome are linked, whereas others do not find 
this association ( 14-23). 
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Wc have succeeded in very clearly and sensitively demon- 
strating hTERT mRNA in thyroid, colorectal, parathyroid 
and lung tissues by use of an oligonucleotide probe ( 1 3 ,24-26). 
Strong correlation has been observed between hTERT mRNA 
and/or protein expression and telomerase in a variety of 
malignant tumors (13.1 4,24 .25,27 ,28). In the present study, 
we used ISH to examine expression of the hTERT gene, and 
IHC to examine expression of hTERT protein, ER and PR, in 
64 carcinomas and 2 phyllodes rumors of breast to determine 
whether hTERT protein can be used to differentiate breast 
cancers. We also analyzed hTERT mRNA and protein 
expression with special reference to clinical features and 
histological findings to investigate the potential role of 
hTERT mRNA expression analysis in predicting the biological 
characteristics of breast cancers. Since hTERT expression in 
breast rumors has not previously been analysed by ISH or IHC, 
our investigation also examined various clinicopathological 
parameters, including age, h?stopatho)o°Kal type, tumor s»2c, 
lymph node status, relapses, and the expression of ER and PR. 

Materials and methods 

Tissue collection. Sixty-six samples were obtained during 66 
mastectomies: 64 breast carcinomas, 2 phyllodes tumors and 
66 specimens of the adjacent normal breast gland. In 4 cases, 
samples were obtained during core needle biopsies (CNB) 
before neo-adjuvant therapy, and again during mastectomies 
after neo-adjuvant therapy; for these cases, all measurements 
and examinations were performed both before and after the 
neo-adjuvam therapy. The patients ranged in age from 32 lb 
90 years. The patients with carcinomas ranged in age from 37 
to 90, mean 56, years and were all women. The women with 
phyllode tumors were aged 32 and 38 years, respectively. 
The surgical and CNB tissue samples were frozen rapidly 
with liquid nitrogen and stored at -80"C until fixation. Then, 
ihey were fixed in 10% buffer formalin solution and 
embedded in paraffin. Surgical and CNB samples were 
collecied fidm the patienis after obtaining their informed 
consent, and the study protocol was appioved by the Medical 
Department of the University of Tokyo Ethics Committee. 
The pathologic diagnoses were made by the surgical 
pathological specialists at our institute on the basis of 
examination of hematoxylin-eosin stained slides. A 
pathological leview was performed for all breast tumors 
according to the BRE score- pT and pN staging were assigned 
according to the 1997 WHO classification (7lh edition). 

MCF-7 human breast cancer cells, kindly provided by the 
Cell Resource Center for Biomedical Research, Institute of 
Development, Aging and Cancer, Tohoku University, were 
used as positive controls. The cells were incubated in RPMI- 
1640 medium with 25 mM HE PES buffer. L-gluiamine. and 
10% fetal bovine scrum (Grbco, Grand Island, NY) on a 
chamber-attached slideglass (Lab-Tek* Chamber Slide™: 
Nalge Nunc International, NapervjJIc. fL) in a humidified 5% 
CO, atmosphere at 37'C The cells were then fixed with 10% 
buffered neuiral formalin (Si^ma Chemical Co., St. Louis. 
MO). The cultured MCF-7 cell line thai was used as a positive 
control W35 tested for telomerase with a PCR- based standard 
TRAP assay (6,!3). These cells were also used to prepare cell 
blocks. Briefly, the cells were fixed in 10% buffered neutral 



formalin, resuspended in molten agarose and then embedded in 
paraffin. Sections from these cell blocks were osed as positive 
procedural controls in 1SH and IHC. The negative control in 
ISH was obtained by teplacing the oligonucleotide probe with 
RNase. The negative control in IHC was obtained by replacing 
the primary antibody with Tris-buffered saline (TBS). 

a 

Oligonucleotide probe for ISH. The specificity of the oligo- 
nucleotide sequence was initially determined by a GenEMBL 
database search using the Genetics Computer Group Sequence 
Analysis Program (GCG. Madison. Wl) based on the fastA 
algorithm (29); the sequence exhibited 100% homology 
with the hTERT gene sequence, A dCD* oligonucleotide 
was used lo verify the integrity and lack of degradation of 
the mRNA in each sample. All oligonucleotide probes 
were synthesized with a hapien-labeled nucleotide, such as 
digoxigeninrdUTP (Boehringer- Mannheim), at the 3' end via 
direct coupling by using standard phosphoramidite chemistry 
(Research Genetics. Huntsville, AL) (30). The probe used for 
detection of hTERT by ISH was generated from the original 
sequence foT Homo lapiens telomerase reverse transcriptase 
(AF0 15950), 2766-2800: S'-GCCTCGTCTTCTACAGGGA 
AGTTCACCACTGTCTT-3' (13,24-26). 

ISH. ISH was performed with the GenPoint nucleic acid hyper- 
detection system (Dako; Carpenteria, CA) (31). FormaJin- 
fixed, paraffin-embedded tissue sections (5 pm thick) were 
deparaffmized in xylene and a graded alcohol scries. Tissue 
sections and CNB samples were then pretreated with target 
retrieval solution (Dako, SI 700) at 95*C and proteinase K 
(DBko, S3004) at room temperature. Next; the tissues and 
CNB samples were fixed in 03% hydrogen peroxide followed 
by a methyl alcohol series at room temperature. Di go xigenin- 
labeled anti-sense oligonucleotide in mRNA in situ hybri- 
dization solution (Dako, S33CM) was placed over the tissues 
and CNB samples. After hybridization at 37*C overnight, 
the slides were washed in stringent wash solution (Dako. 
GenPoint System Kit) at 45*C. The tissues and CNB samples 
were exposed to avidin blocking solution (Dako, X0590) 
at room temperature followed by biotin blocking solution 
(Dako, X0590) at room temperature. The tissues and samples 
were then incubated at room temperature with a sheep 
monoclonal haptcn-labcied anti-digoxigenin antibody (Dako. 
p5J04), and the slides were then fixed with biotinyl tyrajTune 
(Dako, GenPoint System Kit) at room temperature. Finally, 
the slides were incubated with HRP-conjugated streptavidin 
(Dako, GenPoint System Kit) at room temperature. Since 
3Xdiaminobenzidine tetrahydrochloridc (DAB) was used as 
the substrate, a positive reaction was visible as a brown color 
under a li^ht microscope. The sections were weakly counter- 
stained with 0.1% hematoxylin. 

IHC. IHC was performed by the avidin-biotin complex/ 
horseradish peroxidase method. Tissue sections were stained 
for hTERT wiih a commercially available monoclonal antibody 
(NCL-L-hTERT; Novocastra, Newcastle upon Tyne. UK). 
Sections were dewaxed in xylene. Anligen letrieval was done 
by incubating sections immersed in 0.01 M citrate buffer at 
pH 6.0 in o mioowavc oven at 99'C. The sections were 
allowed to cool down at room temperature. The sections 
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Figure I . Representative results of the TRAP assay. If functional telomcrasc is 
present, ihc tmymc adds DNA lo the subitraie in 6-base-pair (bp) increments, 
resulting in a ladder- like distribution of products. The 6- bp ladder signals arc 
apparent /or MCF-7 and breast cancers (rase nos. 6, M, 23. 44 and 59) and are 
not appareni for lysis buffer as the negative control. An extract of MCF-7 was 
used as i positive control for the TRAP assay and as art Internal Telomerase 
Assay Standard (ITAS) positive control for PCR amplification, with lysis 
buffer as the negative control (Lysis). 



were then immersed in 1% hydrogen peroxide (H 7 0 2 ) in 
methanol to block endogenous peroxidase activity. Following 
thai, the sections were washed in TBS (pH 7.6) before being 
incubated in normal rabbit serum for 20 min to block non- 
specific binding. After, draining off the excess serum, the 
sections were incubated with the primary antibody at room 
temperature. The sections were washed in TBS before being 
incubated with the secondary antibody (biotinylated robbil 
anti-mouse, Dako). The sections were washed ag3in with 
TBS and incubated with avidin biotin complex/horseradish 
peroxidase. After washing the sections with TBS, peroxidase 
activity was visualized under light microscopy by applying 
DAB chromogen (Dako). The sections were counterstained 
with hematoxylin, dehydrated in increasing grades of alcohol 
and finally mounted in dibutyl phihalate (DPX) mounianl. 

Homogeneous staining or a speckled/dotted paiiern in the 
nucleus was considered positive staining, and absence of 
distinct nuclear staining was taken as negative staining. 
Grading of the percentage of stained cells (hTERT labeling 
index) was performed by previously published. criteria (I) as 
follows: Grade I, negative staining; Grade 2, 1-10% positive 
staining nuclei; Grade 3, 11-50% positive nuclei; and Grade A t 
>50% positive nuclei. Immunbstained slides for ER and 
PR were scored as previously described (32,33). Jn brief, 
each entire slide was evaluated by light microscopy. First, a 
proportion score was assigned, which represents die estimated 
proportion of positive-siaining tumor cells (0, none; 1. <J/I00; 
2. 1/100 to 1/10; 3, 1/10 to 1/3; 4, 1/3 to 2/3; and 5. >2/3). 
Next, an intensity score was assigned, which represents the 
average intensity of positive lurrior ceils (0. none; I, weak, 
2, intermediate: and 3, strong). The proportion and intensity 
scores were then added to obtain a total score, which ranged . 



Table I. Relationships between mRNA status (negative/ 
positive) by 1SH and standard clinical, pathological, and 



biological factors in the 66 tumors. 



No, of patients (%) 



Total 



population hTERT hTERT 



(*) 



negative 



positive P-value* 



Total 


66 


10(15.2) 56(84.8) 


Age 






<50 


26 


6(23-r) 20(76.9) 


>50 . 


40 


6(15.0) 34(85.0) 


Hisiopatho- 






logical type „ 






Scirrhous 


32 ' 


2 (6.4) 30(93.6) 


PapiJJorubular 


20 


2(10.0) 18(90.0) 


Solid. tubular 


6 


1 (16.7) 5(833) 


Mucinous 


2 . 


1 (50.0) . 1 (50.0) 


Non-invasive 


4 


2(50.0) 2(50.0) 


PnyJJodes 


2 


2 (100) 0 (0) 


Tumor size 


• 




(cm)> 






Tl (<2.0) 


20 


0 (0) 20 (100) 


T2 (2.0-5.0) 


34 . 


6(17.6) 28(82.4) 


T3 (>5.0) 


10 


2 (20.0) 8 (80.0) 



Lymph node 

status* 
pNO 34 
pNl 26 
pN2+pNM 4 

Relapse 

+ 10 

56 

ER expression 
-f(^2) 42 

- (<2) 24 

PR expression 
4 <*2) 42 

- (<2) 24 



6(17.6) 28(82.4) 
2 (7.7) 24(92.3) 
0 (0) 4 (100) 



0 (0) .10 (100) 
10(17.6) 46(82.4) 

6(14.3) 36(85.7) 
4 (16.7) 20(833) 

4 (95) 38(905) 
6(25.0) 18(75.0) 



NS 



NS 



NS 



NS 



NS 



NS 



NS 



V test. NS, not significant: ^Information b variable for 64 patients. 



Statistical analysis. Differences in p-values were analyzed 
with the x 7 'est for independence, and Fisher's test was used 
for correlations. In all comparisons, p<0.05 was considered 



significant. 



Results 



from 0 :o 8. Slides were scored by pathologists who did not 
have knowledge of tignnd- binding lesulrs or patient outcome. 



Representative results of the TRAP assay are shown in Fig, 1. 
The cultured cells, which were tested for tclomerase activity 
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with the TRAP assay /save posiiivc results with all procedural 
controls (MCF-7 and 5 breast cancer samples) (Fig- I). 

1SH revealed thai hTERT mRNA was strongly expressed 
in the nuclei and cytoplasm of almost all of the MCF-7 human 
cancer cells (data not shown). Expression of hTERT rnRNA 
was detected inv56 (88%) of the 64 breasl cancers and in none 
of the phyllodes tumors of the breast (Table I) with tbe anti- 
sense probe, whereas no expression was detecied with the anti- 
sense probe treated with RNase (data not shown). The levels of 
expression were heterogeneous within the carcinomatous 
regions- Strong expression of hTERT mRNA was not confined 
to the carcinomatous regions but was also detected in 
infiltrating lymphocytes (Fie. 2a and b). Higher expression 
levels of both signals of hTERT mRNA were detected in 
some sections containing both carcinomas and lymphocytes, 
compared with the adjacent non cancerous mammary gland, 
but no clear differences in signal intensity were observed 
between carcinomas and lymphocytes. The signals in both 
the normal and cancer tissues were mainly present in the 
lymphocytes, ond the signal intensity was similar in both, 
although a precise quantitative comparison of ihe in situ signals 
was impossible. 



IHC revealed that bTERT protein was strongly expressed 
in the nuclei, nuclear membrane and cytoplasm of almost all 
of the MCF-7 human cancer cells (data not shown). Expression 
of hTERT protein was detected in 52 (81%) of the 64 breast 
cancers and in none of the phyllode tumors of the breast 
(Table fl). The levels of expression were heterogeneous within 
the carcinomatous regions. As shown in Fig. 2c; strong 
expression of hTERT pTOtein was observed in nuclei, nuclear 
membrane and cytoplasm, similar to tbe pattern in MCF-7 
human cancer cells. Normal mammary gland and stromal 
cells generally showed negative imrounorcactivily against 
hTERT protein antibody. 

A nuclear sienal for the ER (Fig. 2d), as assessed by IHC 
was observed in 36 (56%) of the 64 breasl cancers and in 
none of the phyllode tumors of the breasl, with positive 
scores ranging from 2 to 8 (Tables I and 11). A nuclear signal 
for the PR (Fie. 2e). as assessed by JHC. was observed in 38 
(59%) of the 64 breasl cancers and in none of the phyllode 
tumors of the breasl. wiih positive scores ranging. from 2 to 8 
(Tables 1 and 11). 

We used ISM and IMC to examine hTERT expression 
in 4 cases of breast cancer before and after neo- adjuvant 



Table I!. Relationships beiween mRNA status (negative/ 
positive) by IHC and standard clinical, pathological, and 
biological factors in the 66 tumors. 



No. of patients (%) 

Total hTERT bTERT 

negative positive P- value 3 



Total 

Age 
<50 
>50 

Histopathological . 

type 

Scirrhous 

Papillorobular 

Solid tubular 

Mucinous 

Non-invasive 

Phyllodes 

Tumor siie (cmf 
Tl (<2.0> 
T2 (2.0-5.0) 
T3 (>5.0) 

Lymph node status* 
pNO 
pNI 

pN2+pNM 
Relapse 



ER expression 
+ (a:2) 

- (<2) 

PR expression 

- «2) 



66 14(21.2) 52(78,8) 



26 10(38.5) 16(613) 
40 4(10.0) 36(90.0) 



NS 



NS 



32 


2 (6.4) 


30 (93.6) 


20 


4 (20.0) 


16(80.0) 


6 


: 4 (66.7) 


2 (33 J) 


2 


0 (0) 


2 (100) 


4 . 


2 (50.0) 


2(50.0) 


2 


2 (100) 


0 (0) 


20 


4 (20.0) 


16(80.0) 


34 


6(17.6) 


28 (82.4) 


)0 


2 (20.0) 


8 (80X>) 


34 


6(17.6) 


28 (Z2A) 


26 


6(23.1) 


20 (76.9) 


4 


0 (0) 


4 (100) 



NS 



NS 



NS 



J0 I (10.0) 9(90.0) 
56 13(23.2) 43(79.6) 



42 6(143) 36(85.7) 
24 8 (33 J) 16(66.7) 



42 . 6(143) 36(85.7) 
24 8(333) 16(66.7) 



NS 



NS 



r rest. NS. noi significant. Mnformoikm available for 64 paiiems. 



cbemolherapy. Before chemotherapy , oil 4 of the breast 
carcinomas strongly expressed hTERT by both ISH and 
IHC. After chemotherapy, hTERT expression completely 
disappeared in aJI 4 cases (Table 111). hTERT expression by 
lymphocytes was delectable by ISH and IHC both before and 
after chemotherapy in oil 4 coses, and the level of expression 
did not appear to be altered by treatment. 

No correlation was observed between hTERT mRNA 
expicssion and any of the clinicopathoiosicai parameters 
age. histopaiholosicaJ type, tumor vi 7 e. lymph node stains. 



Table HI. Relationship of hTERT mRNA and protein 
expression before and after neoadjuvant chemotherapy. 

hTERT mRNA hTERT protein 



Case 


Age 


Neoadjuvant . 


Before After 


Before After 
• 


1 


sa 


Anastrozole 




+ 


2 


78 


Anastrozole 


+ 


+ 


3 


35 


FED 


+ 


+ 


4 


37 


AC - 


-f 


+ 



"FEC.5FU (500 mg/nr). Epirubiein (70 mg/nr). Cyclophosphamide 
(500 rog/m*). b AC, Doxorubicin (60 mg/nr 5 ), Cyclophosphamide 
(500 mg/ro 1 ). Before, before neoadjuvant chemotherapy. After, 
afier neoadjuvant chemotherapy. positive; negative. 



relapses, and the expression of ER and PR. Similarly, there 
was no correlation between hTERT protein expression and 
any of these clinicopathological parameters. There was a 
correlation between hTERT mRNA expression and hTERT 
protein expression in breast cancers (p<0.005). 

Discussion 

This study reports a comparison of hTERT mRNA expression 
by ISH and hTERT protein expression by IHC in tissue 
sections from breast tumors. hTERT mRNA was delected 
by ISH in 56 of the 64 breast cancers and in MCF-7 human 
breast cancer cells. Breast cancer cell nuclei stained strongly 
positive with the specific anti-sense probe but not whb the 
anti-sense probe treated with RNase (data not shown). Tissue 
lymphocytes also stained positively with the anti-sense probe, 
but the stromal cells did not. Expressibn of hTERT protein 
was observed by IHC in 52 of the 64 breast cancers. hTERT 
mRNA and protein expressions were highly correlated in 
breast cancers (p<0.005). Detection of the hTERT protein by 
IHC has permitted further analysis of carcinogenesis and 
cancer diagnosis (34). 

In recent years, there has been disagreement over the 
suitability of lelomerase activity as a prognostic biologic 
marker in breast cancer that may help to differentiate patients 
for individually based risk-related therapy. Hiyama et ol (15). 
in a study of 140 breast cancer specimens with the TRAP 
assay, found a strong association between lelomerase activity 
and stage classification and observed lelomerase activity 
in 68% of stage 1 tumors and 95% of stage IV tumors. 
Poremba et ol ( I ), using tissue microanays, found a statistically 
significant correlation berween rumor-specific survival (overall 
survival) and hTERT expression in breast cancer/However, 
some problems in interpretation may affect this apparent 
consensus. First, some samples of breast cancer tissue may 
be extensively contaminated by infiltrating lymphocytes 
during operative manipulations, especially in advanced disease, 
causing ovcrestimation of lelomerase activity and/or hTERT 
expression. In our previous reports, higher expression levels 



of signals for both hTERT mRNA and protein were delected 
in some sections containing both carcinoma and lymphocytes 
in thyroid and colorectal cancers (13,24). Secondly, Poremba 
et al (1) used polyclonal antibodies against hTERT protein as 
a signal for expression. In our hands, polyclonal antibodies 
against hTERT protein give rise to strong background signals 
and art not clearly specific for measuring expression in cancer 
tissues. We have carefully compared the reactivity against 
hTERT protein of the monoclonal antibody used in the 
present study with that of some polyclonal antibodies. Use of 
the monoclonal antibody in IHC allowed clear demonstration 
of hTERT protein expression, with results similar to those 
of 1SH for hTERT mRNA expression. Furthermore, IHC is 
technically much easier to perform than ISH, since con- 
tamination of samples by RNase is not an issue in IHC. 

To the best of pur knowledge, this report is the first on the 
study of hTERT expression in. breast cancer as a function of 
neoadjuvant treatment. We examined hTERT expression 
in 4 cases of breast cancer before and after chemotherapy. 
Before chemotherapy, hTERT was strongly expressed in 
all 4 carcinomas,, but after chemotherapy hTERT expression 
had completely disappeared in all 4 cases. hTERT expression 
by. lymphocyte's was detectable by ISH and IHC both before 
and after chemotherapy in all 4 cases, and the level of 
' expression did not appear to be altered by treatment. 

In conclusion, determination of hTERT mRNA expression 
by ISH and hTERT protein expression by IHC can be used to 
obtain information contributing to a histopaihological diagnosis 
during screening of breast cancers. By use of a monoclonal 
antibody, we could very clearly and sensitively demonstrate 
hTERT protein expression in breast cancer tissues but not in 
non-cancerous tissues. We also demonstrated that 4 carcinomas 
with originally positive immunoreactiviiy against hTERT 
protein became negative after neo adjuvant chemotherapy. 
These results suggest that determination of hTERT pjotein 
by ICH can be used as a potential diagnostic and therapeutic 
marker to distinguish breast cancers. 
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Expression of die ubiquitui-proteasome pathway and muscle loss in 
experimental cancer cachexia. 

KUajJ, Wyj« SM, Rt|SscU ST jrjjpeAV, Tisdale IVfJ 

Pharmaceutical Sciences Research Institute, Aston University, Birmingham, UK. 

Muscle protein degradation is thought to play a major role in muscle atrophy in cancer 

heS "' 3 - °, 7*t ig T *° im P° rtance ° f *■ "biquitin-proteasome pathway wS has 
been sugg ted to be ^ majn degradative p . P p^tdn bssTn 

cachexy, the express.on of mRNA for proteasome subuni.s CI J C5 as weTl as the 
pectoral muscles of m.ce beanng the MAC16 adenocarcinoma, using competitive 

iT^ZlEm^TrTr PO, ^ eraSe Chai " reaCti ° n - ^einlevels'oCteasome 
were^efl^J ui X } ■ detennmed ^ "nm^blorting, to ensure changes in mRNA 
were reflected in changes m protem expression. Muscle weights correlated linearly wilh 
we.ght loss dunng the course of the study. There was a good^aelation TeS 

follZ-H . t 02 Pnd tW °- f0,d f ° r E2 < I4k ) between 12 20% weight loss 

followed by a decrease m expression at weight losses of 25-27%, although IossS muscle 

^^i^jr^ ° f c5 mRNA °^ ^j^zizt 

elevated s.milarly at all weight losses between 7.5 and 27%: Both proteasome functional 
acuv.ty, and proteasome-specific tyrosine release as a measure of tota 

a,S ° maXimal 3t ,8 - 20% Wei ^ ht l0SS «*» decrea ^ at higher weight loss 

S S C5 an^nX ,n SSf- ,T Cle f0 " 0Wed 3 different P attem wifh increaS n 
C2 and C5 and E2(14k) mKNA only being seen at weight losses above 17% although 

SSSlSS^ pr °^ SsiVe,y With inCreaSin8 l0SS - These resul'ts suS 

that actuation of the ubiqu.tm-proteasome pathway plays a major role in protein loss in 

gash-ocnemms muscle, up to 20% weight loss, but that other factors such as depress Ton in 
protem synthes.s may play a more important role at higher weight loss. m 
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Increased expression of proteasome subunits in skeletal muscle of cancer 
patients with weight loss. 

KhajJ, HjncAV, Fearon KC , Dciong CH . Tisdale MJ 

Pharmaceutical Sciences Research Institute, Aston University, Birmingham B4 7ET, IJK. 

Atrophy of skeletal muscle is common in patients with cancer and results in increased 
rnorb.d.ty and mortality In order to design effective therapy the mechanism Z M 
th,s occurs needs to be elucidated. Most studies suggest that the ubiquitin-prote^some 
proteose pathway is most important ,n intracellular proteolysis, alLu^ SaTe 

loTs" hTZr aCtiVity ° f ^ S in ^ Wift different S^Sg* 

loss. In this report the express.on of the ubiquitin-proteasome pathway in rectus 
abdominis muscle has been determined in cancer patients with weight loss of 0-34% 

Z^ZZIT™ tranSCrip,a5e P ° lymeraSe Chain reactio " '° 

express.on of mRNA for proteasome subunits C2 and C5, while protein exnression ha, 

been determined by western blotting. Overall, both C2 and C5 gene oJS^i 

weignt ioss I4.5+/-2.5%), compared with that in patients without weight loss with nr 
without cancer. The level of gene expression was'dependent on J^ount of weL 

2 WIS r^.^ P-^ome subunits in patients with we^hT oS of 
12-19/0. Further mcreases in weight loss reduced expression of mRNA for bom 

EST S " bUmtS ' a,th ° Ugh U WaS Sti » e,evated - comparison with pat en te with no 
Soy T^r ^ " !r idenC , e f ° r ^ im --P^ion at weight lo^ esT 
ubunl de ^c L h S 3 g ? ? r ,at,0n betWCen eXprfeSSi0n ° f P roteas ™ e ^alpha 

■S2^1iriJ? Wn ^ C2 and C5 mRNA > sh ^ingthat increased 

gene express.on resulted in increased protein synthesis. Expression of the ubiquitin 
conjugating enzyme, E2(14k), with weight loss followed a similar pattern to St of 
proteasome subunits. These results suggest variations in the expression "f key 

S™X^°„l e UbiqU : tin : Pr0te f 0me wi,h of cancer patios, and 

™S of protein degradation must be operative ■ 
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CeU type-specific occurrence of caveolin-lalpha and -lbcta in the lung 
caused by expression of d is tiuct mRNAs. 

KogoH, Aiba T, Fuiimoto T . 

Departacnt of Anatomy and Molecular Cell Biology, Nagoya University Graduate 
School of Medicine, Showa-hi. Nagoya 466-8550, Japan, hkogo@fujita-hu.ac.jp 

Two isoforms pf caveolin-l, alpha and beta, had been thought to be generated by 
alternative Inflation in i tiation 0 f an mRNA (FL mRNA), but we showed previously that 

1172 ^ encodes the beta isoforai specifica,, y- In «« pJTij? 

we demonstrated strong correlate between the expression of the caveolin-l protein 
isoforms and mRNA variants in culture cells and the developing mouse lung. The alpha 
isofonn p«ton and FL mRNA were expressed constantly during the lung development 
whereas_express 10 n of the beta isoform protein and 5 V mRNA was neg.igible in L fetal 
lung before 1 7.5 days post coitum, and markedly increased simultaneously at 1 8 5 da vs 
post co.tum, whence alveolar type I cells started to differentiate. Immunohistocfaemical 
analys,s revealed the cell type-specific expression of the two isoforms; the alveolar type I 
cell expresses the beta isoform predominantly, while the endothelium harbors the" alpha 
iso^rm ^chefly The mutually exclusive expression of caveolin-l isoforms was verified 

2 S n bl ff g °, hC SdeCtive p,aSma membraiie Preparation obtained from the 
endothelial and alveolar ep,thelial cells. The present result indicates that the two 
caveolin- 1 isoforms are generated from distinct mRNAs in vivo and that their production 
is regulatoi mdependently at the transcriptional level. The result also suggests mat the 
alpha and beta isoforms of caveolin-l may have unique physiological functions. 

PMID: 15067006 [PubMed - indexed for MEDLINE] 
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Oncogene and growth factor expression in ovarian cancer. 
Kommoss F, Bauk necht T , Birmelin G , KohlerM, TescbH, Pflcidcrer A . 
Department of Gynaecology, Albert^Ludwig University, Freiburg, Germany. 

The varying tumor-biological behavior of ovarian carcinomas probably influences both 
Uieir operabihty and response to chemotherapy, which are Uie most relevant prognostic 
tactors. The phenotype of different ovarian carcinomas is obviously associated with an 
act.vat.on of ^EGFJGF-alpha signal pathway, including c-myc and c-jun expression. 
Analysis of EGF-R, TGF-alpha, c-myc. and c-jun expression in 33 stage HI/IV, and 2 
stage I/II.ovanan carcinomas with biochemical, molecular-chemical and 
immunohistochemical methods showed a correlation between the mRNA and protein 
levels of EGF-R and TGF-alpha for tumors with low or high expressing rates. However 
the concentration of measurable free EGF-Rs seems to depend on the amount of TGF- ' 
alpha express.on by die rumors. The EGF-R binding ligand TGF-alpha is produced by 
epithelial tumor cells; stromal cells are usually TGF-alpha-negative, as shown by 
immunohistochermstry. High expression rates of EGF-R. TGF-alpha and c-myc were 
detected in 6, 7, and 10 put of 35 ovarian carcinomas, respectively. C-jun mRNA was 
detected ,n 18/19 cases studied. Non-malignant tissues originating from myometrium or 
ovary expressed no (or only small amounts of) EGF-R or TGF-alpha mRNA, whereas a 
high c-myc expression was found in 1/7 normal myometria, and in 2/5 normal ovaries 
There was no strong correlation between EGF-R/TGF-alpha and c-myc/c-iun 
expression.(ABSTRACT TRUNCATED AT 250 WORDS) 

PMBD: 1502888 [PubMed - indexed for MEDLINE] 
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Somatostatin receptors in primary human breast cancer: quantitative 
analysis of mRNA for subtypes 1-5 and correlation with receptor protein 
expression and tumor pathology. 

KHfliarU, GngorakigSI, WgttHL, SasiR, SnellL, Watson P, Chaudhari S . 

Fraser Laboratories For Diabetes Research, Department of Medicine, McGill University 
Royal V.ctona Hospital, 687 Pine Avenue West, H3A IA1 Montreal, Quebec Canada 
ujendra.kuinar@muhc.mcgill.ca 

Somatostatin receptors (SSTRs) have been identified in most hormone-producing tumors 
as well as in breast cancer. In the present study, we determined SSTR1-5 expression in 
primary ductal NOS breast tumors through semi-quantitative RT-PCR and 
immunocytochemistry. The results from the analysis of 98 samples were correlated with 
several key histological markers and receptor expression. All five SSTR subtypes are 
variably expressed at the mRNA level in breast tumors with 91% of samples showinc 
SSTRl, 98% SSTR2, 96% SSTR3, 76% SSTR4, and 54% SSTR5. SSTR 15 are 
localized to both tumor cells and the surrounding peritumoral regions as detected by 

corrected for beta-actin levels 
were lughest for SSTR3 followed by SSTR1 , SSTR2, SSTR5, and SSTR4 Furthermore 
there was good correlation between mRNA and protein expression with 84% for SSTRl" 
79% for SSTR2, 89% for SSTR3, 68% for SSTR4,.68% for SSTRS, and 78% for all five 
receptors. SSTRl, 2 and 4 were correlated with ER levels whereas SSTR2 showed an 
additional correlation with PR levels. These correlations were independent of patient age 
and histological grade. Moreover, using immunocytochemistry, blood vessels exhibited 
receptor-specific localization for SSTR2 and SSTR5. Our results indicate significant 
correlations between mRNA and protein expression along with receptor-specific 
correlations with histological markers as well as ER and PR levels. Differential 
distribution of SSTR subtypes in tumors and receptor-specific expression in vascular 
structures may be considered as a novel diagnosis for breast tumors with receptor subtype 
agonists. i )v 
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A transcriptomic and proteomic analysis of the effect of CpG-ODN on human 
IllP-1 monocytic leukemia cells. 

Kjio.CC, KuoCW, Liang CM, Lian g SM. 

Institute of BioAgricuItural Sciences, Academia Sinica, Taipei, Taiwan. 

The CpO motif of bacteria! DNA (CpG-DNA) is a potent irnmunostimulating agent whose 
mechanism of action is not yet clear. Here, we used both DNA microarray and proteomic 
approaches.to investigate the effects of oligodeoxynucleotides containing the CpG motif (CpG- 
ODN) on gene transcription and protein expression profiles of CpG-ODN responsive THP-1 cells 
.Microarray analysis revealed that 2 h stimulation with CpG-ODH up-regulated SO genes and 

fZS? !f ? VC ^ ^ eSe ge ," eS W6re identifi?d 35 bein * assOGiated inflammation, 
anh m ,crob,al defense, transcnptional regulation, signal transduction, tumor progression cell 

differentiation, proteolysis and metabolism. Longer stimulation (8 h) with CpG-ODN enhanced 

transcnptional expression of 58 genes. Among these 58 genes, none except one, namely WNTI 

inducible signaling pathway protein 2, was the same as those induced after 2 h stimulation 

Proteomic analysis by two-dimensional gel electrophoresis, followed by mass spectrometry 

identified several proteins up-regulated by CpG-ODN. These proteins included heat shock 

proteins, modulators of inflammation, metabolic proteins and energy pathway proteins 

Comparison of microarray and proteomic expression profiles showed poor correlation Use of 

more reliable and sensitive analyses, such as reverse transcriptase polymerase chain reaction, 

Sl?in£7 8 "? T™* u SayS ' ° n SeVeral g6neS proteins ' nonetheless, confirmed that 
there is indeed good correlation between mRNA and protein expression after CpG-ODN 

anti-apoptotic and neuroprotective related 
proteins not previously reported, are activated by CpG-DNA. These findings have extended our 
kno wledge on , the ; activation of cells by CpG-DNA and may contribute to further understanding of 
mechanisms that link innate immunity with acquired immune response(s). 
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A transcriptomic and proteomic analysis of the effect of 
CpG-ODN on human THP-1 monocytic leukemia cells 
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1 Introduction 

Mammals protect themselves against pathogen infection pri- 
marily mo i„„ate and adaptive immunity |J). The mnate 
immune system relies on a set of pattern recognition receptors 
{e.g., ToD-hfce receptors) to recognize foreign molecular struc- 
tures such as hpopdysaccharide (LPS) arid bacterial DNA [2, 3]. 
Innate immune cells recognize these molecular structures and 
mrhate not only innate but also adaptive immunity by produc- 
ing immunomodulatory cytokines and activating T and B 
immune cells (1) Bacterial DNA can directly activate B cells to 
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proliferate and secrete immunoglobulins in a T cell-independ- 
ent manner [4— 6J. It also induces B cells and monocytes to 
activate transcription factor NF-kB and secrete cytokines, 
including interleukin (11) 12, tumoT necrosis factor a (TNF-ot), 
and interferon ct/p |7-10). The immunostimulatory activity of 
bacterial DNA has been assigned tounmethybted CpG motifs 
(GACGTTfor murine, GTCGTTfbr human) [11 J. Recent evi- 
dence shows that synthetic oligodeoxyrrudeotides containing a 
CpG motif (CpGODN), like bacterial DNA with the CpG moi- 
ety (CpG-DNA), induce potent Thl-like immune responses 
that are protective against several infectious agents and 
immune disorders in animal models [12, 1 3} Biologically active 
CpG-ODN, like bacteria DNA, activates ' macrophages and 
immature dendritic cells to increase expression of MHC class 
II and costimulatory molecules, thereby transcribing cytokine 
mRNAs, and producir^pro-mflammatory cytokines including 
TNFa,.IL-l, 1L-6 and 1L-12 [9, 14-1$). CpG-ODN can therefore 
serve as an adjuvant and immunomodulator in vaccines 
against a wide variety of targets, including infectious agents, 
cancer antigens and allergens [17]. 

It has been suggested that unmethylated CpG-DNA-medi- 
ated immune activation fractions through a toll-like receptor 9 
(TLR9) signaling pathway |18]. Endocytosis and sequentially 
endosomal maturation as well as binding of heat shock protein 
(HSP) 90 to CpG-DNA are essential for induction of TLR9 sig- 
nal transduction [19, 20). It has also been shown that recogni- 
tion of CpG-DNA causes TLR to form a dirrier, which recruits : 
the adaptor molecule, myeloid differentiation factor 88 
(MyD88), through interaction between their Cterxninal Toll /IL- 
1 R domains. This recruitment of MyD88 to the ToU/lL-lR do- 
main of TLR 9 initiates a signahng pathway that sequentially 
involves lLTR-associated kinase 1 and TNF-ct receptor-asso- 
ciated factor 6 [18, 21, 22). Studies using gene-deficient mice 
and RAW264.7 cells transiently transfected with dominant- 
negative forms of these molecules have indicated that the 
MyD88-mediated signaling pathway is essential for CpG-DNAr 
induced activation of NF-kB and c-Jun NH r terminal kinase 
(JNK), as well as subsequent production of cytokines in mono- 
cytic cells |1 8, 21 , 22). The precise mechanism of action of CpG- 
DNA and CpG-ODN, nonetheless, is stOl not thoroughly 
understood. To further elucidate the molecular events after 
binding of CpG-ODN to TLR9, in this study, we treated CpG- 
ODN responsive THP-1 cells with CpG-ODN and evaluated 
changes by using DNA miaoarray and proteomic approaches. 
We have discovered up-regulation of more than 50 disting- 
uished genes/proteins and identified induction of several anti- 
apoptoric and neuroprotecting genes by CpG-ODN treatment. 

2 Materials and methods 

2.1 Reagents 

Phosphorothioate-modified CpG-ODN and GpCODN were 
synthesized by MDBio fTaipei, Taiwan). Human specific 
ODN sequences aie: CpG-ODN, S'-TCG TCG TjTTGT CGT 



TTT GTC GTT-3'; GpC-ODN, 5 -TGC TGC TTT TGT GCT 
TIT GTG CTT-3'. The mouse speci6c CpG-ODN sequence is 
5*-TCC AXG ACG TTC CTG ATG CT -3\ CHCA was from 
. Sigma (St Louis, MO, USA). 

7JI Cell culture 

Cell lines were obtained from the American Type Culture 
Collection; (Rockville, MD). Mouse RAW264.7 macrophage 
and human embryonic kidney 293 cells (HEK293) were cul- 
tured in DM EM "supplemented with 10% heat inactivated 
fetal bovine serum, 100 U/mL penicillin, 100 pg/iriL strep- 
tomycin sulfate, 200mmol/L L-glutajriine, and 50 um p-mer- 
captoethanol in a humidified atmosphere of 5% C0 2 at 37°C 
The medium was changed every 2 days for all experiments. 
Human THP-1 monocytic leukemia cells, which have been 
shown, to express TLR9 and respond to CpG-DNA stimula- 
tion [23, 24), were cultured in RPM 1 1 640 with the same sup- 
plements as for RAW264.7 cell cultures. 

2.3 Human cDNA microarray 

Total RNAs extracted from cultured THP-1 cells were isolated 
with TRIzol (Invjtrogen, Leek, The Netherlands) and submitted 
to Genasia Biotechnology (Taipei, Taiwan) for further proces- 
sing. In brief, 4 ug of total RNA from CpG-ODN stimulated, or 
normal THP-1 ceBs was labeled with a fluorescence marker 
(U-vision, (Taipei, Taiwan)). Different colored fluorescence dyes 
(Cy5 and Cy3) were used to distinguish total RNA from normal 
and ODN stimulated cells. The labeled RNA was used for 
hybridization with the Human 1 cDNA microchip from Agilent 
Technologies (Palo Alto, CA, U SA). The chips were scanned and 
the expression pattern was analyzed using genechip software. 
Genes showing up-regulation or down-regulation of RNA levels 
were analyzed and identified on a genomic database as sug- 
gested by the manufacturer of the microchip. 

2.4 Protein preparation 

THP-1 cells were seeded in a 175 cm 2 tissue culture flask at a 
density of 30 6 cells per milliliter in culture medium. The cells 
were stimulated with or without 1.5 um CpG-ODN at defined 
times and harvested by cerrtrifugation at 4°C, 1000 x g for 
15 min. Cell pellets were washed twice with ice-cold PBS, 
resuspended and sonicated in extraction buffer containing 
25 mM Tris lia (pH 7.5), 2mM 0-mercaptoethanol and pro- 
lease inhibitor cocktail. After centrifugation at 10000 x g for 
20min t ammonium sulfate was added to the supernatant until 
the final concentration reached 50% saturation w/v. 7~he solu- 
tion was stirred at 4°C for 30 min and centrifuged at J 0 000 x g 
for 30 min at 4°C. The supernatant fraction was then trans- 
ferred into a fresh rube, and the precipitated protein pellet 
solubilized in extraction buffer. To remove salts arid other con- 
taminants, the extracts were treated with a pre-cooJed (-20X) 
solution of 10% TCA in 3cetone with 0.07% £ mercaptoctha- 
nol. Proteins were allowed to precipitate overnight at — 20 P C. 
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After centrifugation, the pellet was washed with ice-cold ace- 
tone, containing 0.07% P-mercaptoethanoL The supernatant 
was discarded and the peBet dried in a Speed\ac system (Model 
AES1010; Savant, Holbrook, NY, USA). 

2.5 2-DE 

2-DE was performed using an IPGphore 1EF and a Hofer 
DALT vertical unit (Amersham Biosciences, Piscataway^ NJ, 
USA). One milligram of dried protein sample was dissolved 
in 350 uL of rehydration buffer solution, containing 7 m wea, 
2 M thiourea, 4% w/v CHAPS, 5 mM tributyi phosphine, and 
2%. IPG and loaded onto an immobilized pH 3-10 linear 
gradient strip (18cm), foDowed by rehydration for 16h. 1EF 
was then performed in the following manner. 100 V for 
30min, 250 V for 30mm, 500 V for 30rain, 1000 V for 
30rnin, 4000 V for 30min, 6000 V for 55 000 Vh. At the end 
of IEF, the IPG strips were equilibrated for 15 min in buffer 
containing 6 m urea, 2% w/v SPS, 30%v/v glycerol, and 
50 mM Tris, pH 6.8, then reduced with 65 mM dithiorery- 
thrito) (DTE) and subsequently alkylated with 135 mM 
iodoacetamide for another 15 min. After equilibration, the 
IPG strips were immediately placed on top of a 12% SDS- 
PAGE (1.5 mm,. 20x24 cm). The second dimension gels 
were then overlaid with molten 0.8% agarose solution in 
SDS electrophoresis buffer: Electrophoresis was performed 
at 16°C, starting at 10mA per gel for 1 h, followed by 45 mA 
per gel until the dye front reached the bottom of the gels. 

2.6 Staining and image acquisition 

Immediately after electrophoresis, gels were stained with 
SYPRO Ruby (Molecular Probes, Eugene, OR, USA). In 
brief, gels were fixed for 30 min in 10% methanol, 7% acetic 
acid, and then stained overnight in SYPRO Ruby stain. The 
staining solution was removed and gels were washed in 3 0% 
methanol and 7% acetic acid for 3 h. After staining, image 
acquisition was carried out on a Typhoon 9200 (Amersham 
Biosciences). To identify a protein, spot detection, quantifi- 
cation and matching of 2-D results were analyzed using 
ImageMaster software (Amersham Biosciences). The M, of 
the proteins were calibrated according to the LMW-SDS 
Marker Kit (Amersham Biosciences), and their p7 values 
were estimated from the position of the protein spots on the 
2-D gel and confirmed with the information supplied by the 
manufacturer. Since most of the p/ values for the truncated 
proteins had not been reported previously, the p/ v a ] U es of 
the truncated proteins were estimated from the position of 
the observed spots. To omit the variation due to the use of 
separate gels, after background subtraction, the intensity 
levels of protein spots on each gel weie normaJized as a pro- 
portion of one reference spot, and piolein quantities were 
calculated by integrating the density over the spot area. Pro- 
tein spots that showed reproducible modulation exceeding 
-80% after CpG-ODN treatment in thiee experiments were 
further analyzed by MS. 
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2.7 In-gei digestion with trypsin arid extraction of 
peptides 

Protein spots were excised from stained gels and cut into 
pieces. In brief, gel spots were dehydrated with ACN for 
10 min and dried in a vacuum centrifuge. Gel pieces were 
reswelled with 55 mM DTE in 25 mM ammonium bicarbon- 
ate (pH 8.5) at 37-C for 1 h. The solution was then exchanged 
with alkylation solution, which contained lOOniM iodoaceta- 
mide in 25mM ammonium bicarbonate (pH 8.5), at room 
temperature for 1 h. After- alkylation, the. gel pieces were 
washed twice with 50% ACN in 25 m M ammonium bicarbo- 
nate (pH 8.5) for 15 min. The wash solution was discarded 
and the pieces of gel were dehydrated with ACN for 10 min 
and dried , in a vacuum centrifuge. Tryptic digestion was 
initiated by resweffing the gel in 25 mw ammonium bicar- 
bonate solution with 25 ng of trypsin" (Promega. Madison, 
WI, USA). After incubation at 37°C for 16h, tryptic peptides 
were extracted twice with 50% ACN containing 5% formic 
acid for 15 min with moderate sonication. The extracted 
solutions were pooled and evaporated to dryness in a vacuum 
centrifuge. The dried peptide mixture was dissolved in 0.1% 
formic acid and used for MS. 

2.8 JV1ALDI-G-TOF MS and protein identification 

Tryptic peptides analyses were performed using a Micromass 
Q-TOF Ultima MALDI (Micromass, Wythenshawe, U.K.) 
equipped with a 337 nm nitrogen laser and operated in 
reflectron positive ion mode. Peptide mixtures (1 uL) were 
premixed with 1 uJL of the matrix (5mg CHCA in 50% ACN 
with 0.1% TFA) then spotted onto the MALDI target plate. 
Mass spectra were acquired for the mass range of 900- 
3500 Da and the individual spectra from MALDI MS or MS/ 
MS were processed using the Micromass MassLynx 4.0 soft- 
ware. The generated peak list files were used to query the 
Swiss-Prot database using the MASCOT program (http:// 
v/ww.matrixscience.com) with the following parameters: 
peptide mass tolerance, 50ppm; MS/MS ion mass tolerance, 
0.25 Da; allowance of missed cleavage, 1; and consideration 
for variable modifications such as oxidation of methionine 
and carboxyamidomethylation of cysteines. Only significant 
hits as defined by MASCOT probability analysis were con- 
sidered initially. In addition, when the PMF matches were 
between 5 and 9, at least one peptide sequence was manually 
checked by MALDI MS/MS analysis. 

2.9 RT-PCR analysis 

cDNA from THP-1 cells was produced with Superscript II 
reverse transcriptase (Invitrogen) using a ohgo(dT) )5 primer 
for 1 h at 42°C. PCR of cDNA was performed using specific 
primers for the gene of interest and control p-actin. All PCR 
products were electrophoresed on a J. 5% agarose gel, and 
DNA bands weie visualized by staining the gel with ethi- 
drum bromide. 
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2.10 Immunoblotting 



3 Results 



Human THP-1 or mouse macrophage RAW264J cells 
(5 x 3 x 10 6 /weD) were cultured in a six-well culture 
plate and treated with or without 1.5 um CpG-ODN for 
the. designated times. After stimulation, cells were harvest- 
ed by centrifugation at 1000 x g for ISmiri in a refri- 
gerated centrifuge and washed twice with cold PBS buffer. 
The. cells were rysed on ice for lS rnin with. 300 uL lysis 
buffer (Pierce, Rockford, USA), supplemented with pro- 
tease inhibitor cocktail (Sigma). The fysates were cen- 
trifuged at 12000 x g for 15min at 4°C, and protein 
concentrations of supernatant were determined using the 
Bio-Rad Protein Assay (Hercules, CA> USA). The ly sates 
(50 ug of protein/lane) were subjected to 12% SDS-PAGE 
and transferred to NC membranes (Amersharn Bio- 
sciences). The membranes were blocked in PBS-0.1% 
Tween 20 (PBST) containing 5% non-fat skim milfc at 
room temperature for 1 h, followed by staining with anti- 
ADP-ribosylation factor 3 (ARF-3) monoclonal antibody. 
(0.1 ug/mL; Sigma). The membranes were then incubated 
with horseradish peroxidase-conjugated secondary anti- 
body (dilution, ]:3000) for Ih. After washing three times 
with PBSX specific bands were detected by cheroilumi- 
nescence according to the manufacturer's protocol 
(Amersharn Biosciences). ■ * 

2.11 Cell transection and lucif erase assay 

HEK293 cells (5 x 3 x 1 Orwell) were transfected using 
FuGENE 6 (Roche Molecular Biochemicals, Indianapolis, 
IN, USA) plus 0.1 ug p5xNF-icB-luc (Stratagene, La Jolla, CA, 
USA), 0.05 ug pCDNA3.1 -P-galactosidase, and pCDNA3.1- 
hTLR9 overnight The cells were incubated with or without 
1.5 um CpG-ODN for 8h and then lysed. NF-kB luciferase 
activity assays were performed as recommended by the 
manufacturer (Promega). f$-galactosidase activity was used to 
normalize the data. 

2.12 Enzyme activity assay 

Pyruvate kinase activity was assayed in a solution (lml) 
containing 10'OmM Tris-HCl (pH 8.0), 100mM KCI, lOmM 
MgCl 2 , 0.2 mM NADH, I0mw PEP, 1.5mM ADP, lunit of 
lactate dehydrogenase, and an appropriate amount of cell 
lysate from CpG-ODN untreated or treated THP-1 cells. The 
reaction was monitored at 30°C for a period of time by 
measuring the decrease in absoibance at 340 nm. PGK ac- 
tivity was assayed in a coupJcd reaction with gJyceraldehyde 
3-phospbate dehydrogenase (GAPDH) as described by Lee 
[25}. In brief, the assay was performed at 30°C in a total vol- 
ume of ImL containing 100mM Tris-HCl (pH 7.9), 10mM 
MgCl 2 , 0.15 mM NADH, 2rnM ATP, 6mM 3-phosphoglyce- 
rate, 0.1 mg/mL BSA, 50 mg of GAPDH, and an appropriate 
amount of cell lysate. NADH consumption was monitored at 
340 nm. 



_ * 

3.1 Effect of CpG-ODN on gene expression profiles of 
human THP-1 cells 

To elucidate the effect of CpG-ODN on gene expression, 
THP-1, a cell line known to express TLR9 and respond to 
CpG^DNA (23, 24) was cultured with or without CpG- 
ODN. Since preliminary experiments showed that IS um 
CpG-ODN caused more contrasting results between nor- 
mal and CpG-ODK treated cells, 1.5 um CpG-ODN was 
used throughout the experiments. To distinguish CpG- 
ODN treated samples from the control, total cellular RNA 
of normal and CpG-ODN treated cells was isolated and 
labeled with the fluorescence dyes, Cy5 and Cy3, respec- 
tively. The labeled RNA was then used -for hybridization 
with a Human 1 cDNA microchip from Agilent Technol- 
ogies. Of the 13 000 human, genes- represented on the 
gene array, a total of .55 genes changed expression sign- 
ificantly after 2h. CpG-ODN treatment Among these, 
50 genes were up-regulated while five genes were down- 
regulated by a factor > 2. These genes were sorted by 
functions, and are listed in Tables 1 and 2. They included 
notably, 1L-18 receptor accessory protein, MSG A beta 
gene, thioredoxin, pro-poI-dUTPase polyprotein, Spl40, 
connexin 59 gene, Grb2-h"ke 2, enoyl-coenzyme A hydra- 
tase, propionyl coenzyme A carboxylase, cytochrome P450, 
and WNT1 inducible signaling pathway protein 2 (WISP- 
2) etc. The function of these genes are known to be relat- 
ed to inflammatory responses, antimicrobial defense, 
transcriptional regulation, intracellular signal transduc- 
tion, tumor progression, cell differentiation, proteolysis 
etc 

Table 1. Genes unregulated (> 2 (old) in human THP-1 cells after 
2h of CpG-ODN treatment 



Gene nanrie and description 
{changed fold > 2) 



Genebank 
number 



Inflammation and receptor 
IL-18 receptor accessory protein 
T cell receptor V beta gene 
MGSA, beta gene 
Anligen gene (PA) 
TIED 

Platelet activating receptor 

Antimicrobial defence 

Thioredoxin 

Pro-Pol-dUTPase polyprotein 
Nuclear body protein Spt40 



AF077346 

X58806 

U03019 

M21B96 

NM_004791 

AF 002986 

NM_003329 

AC004748 

U63420 



Transcriptional regulation 

Putative transcription factor LUZP AI986271 

General transcription factor II, I, pseudogene 1 AI700706 

Connexin 59 gene L29277 

Basic helix- loop- helix protein class B 1 AF221520 
(BHLHB1) 
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Table 1. Continued 



Gene name and description 
(changed fold> 2) 

Regulatory protein 
Advillin 



Channel and transport , 
Small GTP binding protein Rab9 
FXYD domain-containing ion transport 
regulator 1 

Signal transduction 
SH3-domain Grb2-lilce 2 
Titin 

Titin associated protein (165kD protein) 
KIAA1451 protein 

Vasoactive intestinal peptide receptor 

Enzyme and protease 

Enoy (-Coenzyme A, hydratase 

Nephrin, B-type metallocarboxypeptidase 

Propionyl Coenzyme A carboxylase . 

Acyloxyacyl hydrolase (neutrophil) 

Cytochrome P450 . 

Intestinal alkaline phosphatase 

Tumor progression and cell differentiation 
. Retinoblastoma 1 

Human genomic DNA of 9q32 anti-oncogene 

of flat Epitherium cancer, 

segment 6710 
WNTl inducible signaling pathway protein 2 

(WISP-2) 

Structure protein 
Collagen, type IV, alpha 6 
Beta Myosin heavy chain 

Other 

Homo sapiens Cri-du-chat region mRNA, 

clone NIBB11 
Human mRNA for laminin alpha 5 chain, 

partial cds. 
NIK like and Thyroxin-binding 

globulin precursor 
Hypothetical protein DKFZp434lVi033t 
Hypothetical protein FLJl 1021 similar 

to splicing factor 
Hypothetical protein 
Chromosome 18 open reading frame 1 
Arfaplin 1 

Zinc finger protein 8 IZFP8) 

Zinc finger protein 137 (clone pHZ-30) 

Offactomedin related ER localized protein 

Cyclin-dependent kinase 8 

Integrin; alpha 1 

KIAA0421 protein 

KIAA1233 protein 

Unnamed protein product 

NBL4 

BC331191_1 



Genebank 
number 



Table 2. Genes down- regulated {> 2 fold) in human THP-1 cells 
after 2 h of CpG-ODN treatment 



AF041449 



U44103 
Al 125364 



AF036268 

X90568 

X69089 

AB040884 

U11087 



AI800553 

U65090 

AB011145 

M62840 

U79716 

M31008 

LI 1910 
AB036268 



AF 100780 



D21337 
M58018 



U52827 

AB010099 

Z838S0 

AL 137720 
AK023985 

AL049851 

NM_ 004338 

AW408785 

M29581 

U09414 

AI738468 

BE 4 67537 

D87462 

AB007881 

AB 033059 

AK0263C2 

X75535 

AAD39268 



Gene name and description 


' Genebank 


(changed fold > 2) 


number 


Zinc-finger horneodomain protein 4 . 


BAB03600. 


Human protein kinase MEKK2b mRNA, 


AF239798 


complete cds. . 




Glypicari 5 


U66033 


Human genomic DNA, chromosome 22qTI.2, 


AP000362 


clone N75A12. 




Collagen, type 1, alpha 1 


Z74615 



longer stimulation of THP-1 ceils with !Cp(K>DN (8 b) 
resulted in the up-regulabon of 58 genes. These genes in- 
cluded notably IL-10 receptor beta, formyl peptide receptor- 
like 1 (FPRU), vitamin D receptor, nuclear receptor sub- 
family 1 (UR), early B-cell factor, protein kinase C gamma 
(PKCJ, Nek, Ash, phospholipase C binding protein (NAP4), 
phosphoriboxyl pyrophosphate arnidotransferase, dishev- 
eled 3, -WISP-2 etc. Analysis of the functions of the 58 up- 
regulated genes showed that they are associated with anti- 
inflammation, transcriptional regulation, intracellular signal 
transduction, tumor progression, eel) differentiation, pro- 
teolysis, neurodegeneration, neuroprotection etc. (Table 3).. 
We also found that the stimulation of THP-1 cells with CpG- 
ODN for different periods of times resulted in different pro- 
files. Several defense related genes such as IL-18 receptor 
accessory protein, Pio-Pol-dUTPase polypTotein, Spl40 and 
connexin 59 were transiently up-regulated at 2 h short sbm- 

Table 3. Genes up-regulated (> 2 fold) in human THP-1 cells after 
8 h of CpG-ODN treatment 



Gene name and description 
(changed fold > 2) 



Inflammation and receptor 

IL-10 receptor (beta) 

Formyl peptide receptor-like 7 (FPRL1) 

Vitamin D receptor 

NMDAR1 

CD44 antigen 

Nuclear receptor subfamily 1 (LxRI 
Neuromedin B receptor 

Transcriptional regulation 

Early B-cell factor (ebl) 

Neurogenic differentiation 1 (NemoD) 

MAX dimerizotton protein (NESH protein) 

Ribosomal protein S6 kinase 

ASH2L 

Regulatory protein 
Hypothetical prolern DKFZp434H0820 
Peroxisomal farnesylated protein 
LTBP4 * 

Neuronal pentraxin tl 



Genebank 
number 



U08988 

AF081535 

J03258 

232774 

AW028346 

NM_005693 

M73482 



AF208502 
ABO 18693 
AB037886 
AF090421 
AB022785 



ALT 37 555 
X75535 
AF051344 
D29195 
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Table 3. Continued 



Gene name and description 
(changed fold > 2) 



Table 4. List of antimicrobial and anti-inflammatory genes 
modulated by CpG-ODN treatment of THP- 1 cells 



Genebank 
number 



Channel and transport 
Gamma-aminobutyric (61) A receptor 
ATP synthase subunit F6 
Transient receptor potential channel 1 
Choroideremia (Rab escort protein 1) 

Signal transduction 

Protein kinase C, gamma 

Regulator of G-protein signaling 5 

Nek, Ash and phospholipase C binding . 

. protein (NAP4) , 

Highly similar to adeylate kinase gene 

Enzyme and protease 
Phenylalanine hydroxylase 
Car boxy peptidase A1 
Xylulokinase 
Pancreatic lipase 
Ubiquitin specific protease 12 
Transmembrane protease, serine2 
Aspartate bata-hydroxylase 
Phosphoribosyl pyrophosphate 
amidotr an sf erase 

Tumor progression and cell differentiation 

CDC23 
WISP-2 

Microsemino protein, beta 
Dishevelled 3 

Structure protein 

. Trichohyalin 
Kertain 

Other 

Human transferrin pseudogene 
TIMP-2 

Collagen-like protein 

Human genomic DNA, chromosome 21q, 

section 60/105 
Human genomic DNA chromosome 21q, 

section 64/105 
KIAA0136 
KIAA0379 
KIAA0489 
KIAA1114 
KIAA1451 
KIAA0756 

Zinc finger protein 267 

Hypothetical protein FLJ10633 

Hypothetical protein EUROIMAGE 1955967 

Myb1 bomolog like 1 

Antizyme inhibitor 

Disintegrin-lrke and metalloprotease 

(reprolysin type) with Thrornbospondin 

type 1 motif, 3 
ADP-ribosylation factor 3 {ARF-3) 
Testis specific protein, Y-linked 
Unnamed protein 



NM_004961 
M37104 
Z73903 
X57637 

Z15114 

AI674877 

AB005216 

AB016886 

AA203389 

X67318 

AK001205 

J05125 

AF022789 

U75329 

U03109 

D 13757 



AF053977 
AF 100780 
M34376 
NM„004423 

L09190 
AF061809 

M22376 
U44383 
U67921 
AP001716 

AP001720 

D50926 

AB002377 

AB007958 

AL049732 

AB040884 

AB018299 

AF220492 

AK001495 

AK026108 

AK001893 

D88674 

AB002364 



M74491 
M98525 
AK026042 



Gene name 


Genebank 


Expression fold 




number 


2b 








8b 


Connexin 59 gene 


L29277 


2.12 ±0.05 


1.74 ± 0.08 


IL-18 receptor 


X58806 


2.32 ± 0.21 


1.19 ±0.13 


accessory protein 








lot eg r in, alpha 1 


X68742 


2.01 ± 0.03 


1.05 ±0.10 


Nuclear body protein 


U63420 


2.22 ± 0.11 


1.39 ±0.04 


Sp140 








Pro-Pol-dUTPase 


ACO04748 


2.33 ± 0.18 


0.95 ±0.03 


polyprotein 








Thioredoxin 


NM_003329 


2.20 ±0.08 


1.07 ± 0.01 


FPRLi 


AF081535 


0.95 ± 0.06 


2.13 ±0.11 


IL-10 receptor 


U08988 


1.22 ± 0.18 


2.21 ± 0.07 


LxR 


NM_005693 


0.90 ±0.03 


2.37 ±0.31 


Vitamin D receptor 


J03258-- 


1.37 ± 0.23 


239 ±0.11 



Expression fold is designated as the ratio of CpG-ODN treated 
over control 



illation but were down-regulated thereafter, while anti- 
inflamrnatoiy associated genes such as FPRL1, 1L10 recep- 
tor, vitamin D receptor and LxR were up-regulated after 8h 
stimulation (Tables 1, 3 and 4). 

3.2 Verification of the rnicroarray results with RT-PCR 
or Western blotting 

To verify the results from the naicroarray analysis,, we also 
performed RT-PCR on the up-regulated genes (Fig. 1). Con- 
sistent with results obtained in the mia ©array gene expres- 
sion analysis, RT-PCR studies showed that the rnRNA levels 
of some selected genes, including ubiquitin specific pro- 
tease 12, regulator of G-protein signaling 5, NAP4 and 
ASH2L, were increased in response to CpG-ODN (Fig. 1, 
Table 3). In addition, the protein expression level of ARF-3 

CpG-ODN 



- GpC-ODN 



Untreated 



8 



8 



«W6tt*W- ' V; awswiss^*" "(SBfiWail'-'.: J&gftfP 



4/,- :>/..;■ ;", . ■" '"■ ' ; ~, '., -y iSSK?3?.i 



Ubtquitm E pacific 
protease 12 

Regulator of G- 
prot&tn signaling 5 

NAP4 ! 
ASH2L 
Actin 



Figure 1. Induction of various genes by CpG-ODN. THPl cells 
were stimulated with medium alone, 1.5 pM GpC-ODN (as the 
negative control) or CpG-ODN for the indicated times.- RT-PCR 
was then performed to analyze gene expression levels, p-actm 
was used as an internal control. The experiment was repeated 
three times with simitar results. 
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(A) THP-1 



ARF-3 



Actin 



(B) RAW 



8 



16 



24 h 




arm WMM^^^^^msm 




Act In 



R9ure 2. CpG-ODN induced ARF-3 protein expression in human 
THP-1 or mouse RAW264.7 cells. THP-1 (A) or mouse RAW264.7 
IB) cells were incubated with 1.5 mm CpG-ODN for the indicated 
time points. The protein expression level of ARF-3 was deter- 
mined by Western blotting of cell extracts using anti-ARF-3 anti- 
body. The experiment was repeated three times whh similar 
results. 

was shown to increase in Western blotting analysis in cell 
lysates from THP-] cells treated with CpG-ODN for 8-24 h 
(Fig. 2A). Similar studies showed that the ARF-3 protein was 
also induced by mouse specific CpG-ODN in other TLR9 
expression cell Knes such as the mouse macrophage 
RAW264.7 cell line (Fig 2B). 

3.3 Proteins regulated in CpG-ODN stimulated THP-1 
cells 

To further assess whether there was any correlation between 
regulation of gene expression and expression of cellular pro- 
teins, a proteomic approach was adopted to identify protein 
expression profiles. THP-1 cells were treated with CpG-ODN 
for defined times (from 8 to 40h), and their cytoplasmic 
proteins were extracted for 2-DE analysis. Although the use 
of high concentrations of urea might give us a broader view 
of all the proteins afTected by CpG-ODN, preliminary results 
from 2D gels showed that the resolu tion of the protein mix- 
tures were not satisfactory. To improve and get the best reso- 
lution from 2-DE, total proteins were roughly separated into 
supernatant and precipitated fractions using 50% saturated 
ammonium sulfate solution. To remove salts and other con- 
taminants, both protein fractions were precipitated with TCA 
solution and then subjected to 2-DE. By protein spot deter- 
mination analysis, about 500 and 450 well-resolved spots 
were observed on each pH 3.0-30.0 gel for precipitated or 
supernatant fractions, respectively. Comparative analysis of 
2-DE between treatments and control showed that the inten- 
sities of the protein spots from the ammonium sulfate pre- 
cipitated fraction did not change, while several protein spots 
weie up regulated by at least -80% in the supernatant frac- 
tion of 8h CpG-ODN stimulated THP-1 cells (Fig. 3). 

The protein spots were individually excised from gels fox 
further identification. After trypsin digestion, several protein 
spots were identified without ambiguity by MS MALD1- 



Untreated 



CpG 




;^-;->V->V 



..•4 '•f/.sr-JCfc fiirS* 



Figure 3. The" effect of CpG-ODN on the 2-DE profile of THP-1 
cells. THP-1 cells were treated with or without 1.5 mm, CpG-ODN 
for 8h. Total proteins were extracted and roughly separated into 
two fractions by 50% saturation with ammonium sulfate. The 
supernatant fraction was then separated by 2-DE. Protein spots 
were visualized by SYPRO Ruby staining. Comparison of CpG- 
ODN treated THP-1 cells to untreated cells showed that these 
proteins changed in intensity by over 80%. Protein spots were 
identified by trypsin digestion and MS. Localization of protein 
spots 1 (enory-coehryme A hydratase), 2 (proteasome a) and 3 
{cyclophilin A; two isoforms) are shown. The experiment was 
repeated three times with similar results. 



TOF. These proteins included HSP60, HSP90, cyclophi- 
lin A, en oyl- coenzyme A hydratase, eukaryotic translation 
elongation factor, proteasome a and p chain and ATP syn- 
thase beta chain (Table 5). Similar experiments on cells 
treated for a longer period of time with CpG-ODN stimu- 
lation (25 h) revealed that 27 protein spots were changed in 
intensity by at least -80%. Thes'e protein spots contained 
members of HSPs (HSP27, hsc70, grp78 and grp94), 
metabolic enzymes (phosphoglycerale kinase {PGK) and 
pyruvate kinase (PYK)), macrophage capping protein and 
cyclophilin A (Table 6). Among these proteins, macrophage 
capping protein, PGK, PYK, cyclophilin A and HSP27 
(Figs. 4 and 5 A) were found to be up-regulated. Interest- 
ingly, we found that a truncated form of grp78 with an 
expected mass of 2SkDa and pj of 5.3 was up-regulated 
while grp78 itself was down- regulated. A similar situation 
was also found for grp94 and hsc70 and theii truncated 
derivatives (Table 7 and Fig 5). In addition, we also ob- 
served six down-regulated pmtein spots on 2-D gels in 
samples after 25h CpG-ODN treatment. Among these six 
proteins, we have successfully identified three as AOs ribo- 
somal protein SA, grp78 and hsc70," respectively (Table 6), 
while the other three, due to their relative low abundance, 
have not been identified yet. 
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Table 5. List of proteins modulated by 8 h CpGODN treatment 



901 



Protein name 


Accession 


H . 




Matched 


Cover- 


Score 


Expression 




no. 


(theor.) 


(theor.) 


no. 


age% 




fold 


ATP synthase beta-chain 


gi114549 


56 525 


5.26 


16 


58 


171 


2.33 ± 0.06 


CyclophilinA 


P05092 


17 870 


7.82 


5 


35 . 


62 


2.85 ± 0.13 


Enoyf-Coenzyrhe A 


gi4503447 B > 1 35 971 


6.61 


11 


44 


62 


2.52 + 0.05 


hydratase 
















E ukaryotic translation 


gi4503481 


50 087 


6.25 


6 


25 


68 


3.41 ±0.21: 


elongation factor 
















HSP60 


P10809 w 


57 963 


5.24 


13 


27 


76 


2.78 ± 0.03 


HSP90-beta 


P08238 


83133 


4.97 


10 


.18 


65 


2.36 + 0.10 


Proteasome a chain 


9>450S181 


25 882 


6.92 


11 


59 


80 


2.52 ±,0.11.; 


Proteasome fi chain 


g>4506193 


26472 


8.27 


9 


46 


84 


3.85 ± 0.17 



Expression fold is designated as the ratio of CpG-ODN treated over control 

a) , NCBI accession number 

b) Swiss-Prot accession number 



Table 6. List of proteins modulated by 16 and 25 h CpG-ODN treatment 



Protein name 



SwisS-Prot M t pt Match- Cover- 
no; {theor.) (theor.) ed no. age% 



Score 



Expression fold 



16 h 



25 h 



Cyclophilin A P05092 
78 kDa glucose regulat- P1 1 02 1 

ed protein (grp78) 
HSP27 P04792 
Heat shock cognate P1 1 142 

70kDa protein 

(hsc70) 

Macrophage capping P40121 
protein 

Phosphoglycerate P00558 
kinase 

Pyruvate kinase P14618 
40s ribosomal protein P08865 
SA (RSP40) . 



17 870 7.82 5 

72 288 5.07 13 

22 768 5.98 12 

70 854. 5.37 16 



38 494 5.88 9 

44 284 7052 11 

57 710 7.95 17 

32 833 4.79 5 



35 
30 

59 
34 



30 

33 

32 
23 



62 2.53 + 0.02 2.48 ± 0.15 

148 0.61 ± 0.04 0.29 + 0.06 

124 1.00 ± 0.01 2.61 + 0.12 

114 0.64 + 0.01 0.31 + 0.03 



58 1.31 ± 0.01 2.58 ±0.03 

71 2.32 ±0.11 4.23+0.19 

114 1.65 ±0.07 2.70 + 0.12 

61 0.33 ± 0.02 0.35 + 0.05 



Table 7. List of truncated proteins detected in THP-1 cells after 25 h CpG-ODN treatment 



Protein name 


Swiss-Prot 


M, 


Pt 


Matched 


Cover- 


Score 


Expression 


* 


no. 


(obs.) 


(obs.) 


no. 


age% 




fold 


94 k Da glucose- regulated 


P14625 


* -59 700 


-5.00 


12 


14 


104 


New 3 ' 


protein (grp94) 
















Truncated form of grp78 


P11021 


-25000 


-5.30 


12 


22 


75 


New 


Truncated form of hsc70 


P11142 


-22000 


-5.80 


12 


20 


96 


New 


Truncated form of hsc70 


P11142 


-19000 


-6.10 


11 


18 


113 


New 



o) New designated proteins detected in the CpG-ODN treated gel but not in the corresponding control gel 



3.4 Comparison of microarray and proteomic results 

Table 8 shows the expression of six genes and their corre- 
sponding proteins that were modulated by 8h treatment of 
THP-1 cells with CpG-ODN. Besides enoyi- coenzyme A 
hydi3tase ? there was poor con elation between the expression 



of genes and their corresponding proteins (Table 8), sug- 
gesting that more in-depth studies were needed. To further 
evaluate whether changes observed in protein expression 
correlated with changes in mKNA levels, we randomly chose 
two proteins {PGK and PYK) that were induced after I6h 
CpG-ODN treatment and determined their mRNA levels by 
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kDa 



66.0 



mo-"** 



20.1 - 



14.4 




Figure 4. 2-D gel electrophorettc analysis of CpG-ODN-treated 
THP-1 cells. {A) Total cell protein from unstimulated THP-1 cells 
was subjected to (B) THP-1 cells were treated with or with- 
out 1.5 p M CpG-ODN for defined times. Cellular proteins were 
extracted and separated by 2-DE. Several unregulated proteins 
are shown in the SYPRO Ruby staining gel. Comparison of CpG- 
ODN treated THP-1 cells to untreated cells showed that these 
proteins changed in intensity by over 80%. The experiment was 
repeated three times whh similar results. 



(A) ^^^^g^ 
hsp27/ 

hsc7D v-.?^->vv--- 



Uritreattd --'fa 




(B) 



grp7B 



66 kDa 




33 kDa 



Figure 5. 2 D gel electrophoretic analysis of CpG ODN-trealed 
THP-1 cells. THP-t cell^ weie treated with or without 1.5 mm CpG- 
ODN for defined times. Cellular proteins were extracted and 
separated by 2-DE. Protein spots were detected by SYPRO Ruby 
staining. IA) Expression of HSP27 was induced by increasing the 
period of CpG-ODN simulation. A truncated form of hsc70 was 
detected on the gel. (B) The native form of grp78 was detected in 
untreated cells, while the truncated form of grp78 was observed 
after 25 h stimulation. The experiment was repeated three times 
with simitar results. 
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Table a Comparison of gene and protein expression levels in 
. THP- 1 cells after 8 h CpG-ODN treatment 



Protein name 


Gene 


Protein 




expression 


expression 




fold from 


fold from 




microarray 


2-D gel 


Enoyl-Coenzyme A hydrolase 


1,72 ± 031 


2.52 ± 0.05 


Eukaryotic translation 


0.95 ± 0.01 


3141 ±0.21 


elongation factor 






HSP60 


0.94 ± 0.07 


2.78 ± 0.03 


HSP90-beta 


1.58 ±0.11 


2.36 ±0.10 


Proteasome a chain 


0.98 ± 0.03 


2.52 ±0.11 


Proteasome ft chain 


1.09 ± 0.11 


3.85 ± 0.17 



RT-PCR. Our results showed that mRNA levels of PYK 
increased after 16 h CpG-ODN treatment, while mRNA 
levels of PGK were, dramatically increased after 24 h stimu- 
lation (Kg. 6). In addition, we also performed enzyme activ- 
ity analysis and found that the activity of PGK and PYK were 

3.5 




(A) 

□ GpC-ODN 
EJ CpG-ODN 



0 -f 




O 

— 2 

> 

o 1.5 

CO ' 

> 

© 

DC 

0.5 



0 



(B) 



D GpC-ODN 
0 CpG-ODN 













fc-j 




II 


0 






16 



24 



2 4 8 

Time (h) 

Figure 6. Activities of PYK and PGK induced by CpG-ODN. THP1 
cells were stimulated whh medium alone, 1.5 pM GpC-ODN (as 
the negative control) or CpG-ODN for the indicated times. Cell 
lysates were extracted and assayed tor (A) PYK and IB) PGK ac- 
tivities. Data lepresent mean i SEM. (n= 3). 
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Figure 7. Induction of PYK and PGK transcripts by CpG-ODN. 
THP1 cells were stimulated with medium alone, 1.5 jim GpC-ODN 
or CpG-ODN for the indicated. times. hT-PCR was then performed 
to analyze gene expression, p^actin was used as an internal con- 
trol. The experiment was repeated three times with similar 
results. 



indeed increased by a factor ~2.5 after CpG-ODN stimula- 
tion (Fig. 7). To confirm that mRNA induced by CpG-ODN 
would also be accompanied by an increase in protein 
expression even though it was not detected in 2-D gel anary-r 
sis, we used more sensitive and specific Western blotting 
analysis. As sbownin Table 3 and Fig. 2, ARF-3 was identi- 
fied in the microarray gene profile but not in the proteomic 
expression profile. Nevertheless, we observed enhanced pro- 
tein expression of ARF-3 after CpG-ODN stimulation by 
Western blotting. Moreover, to investigate whether the up- 
regulation of ARF-3 by CpG-ODN is mediated through the 
TLR9 pathway, TXR9-deficient HEK293 cells were transiently 
cotransfected with hTLR9 and luciferase-reporter gene driv- 
en, by a NF-xB-dependent promoter. Our data showed that 
NF-kB activity of untransfected HEK293 cells were not 
responsive to CpG-ODN stimulation, while in transfected 
HEK293 cells expressing hTLR9, NF-kB luciferase activity 
was up-regulated 12-fold after 8h CpG-ODN stimulation. 
The activation of NF-kB induced by CpG-ODN was blocked 
by pretreatrnent of the transfected cells with an ARF-3 in- 
hibitor, such as brefeldin A (Fig. 8), suggesting CpG-ODN 
induces ARF-3 and activates NF-kB after the interaction of 
CpG-ODN with TLR9. 



4 Discussion 

In this study both microanay and proteomic approaches 
were used to evaluate the effect of CpG-ODN on gene/pro- 
tein expression profiles of THP-1 cells at several time points. 
Comparison of the gene expression profiles showed that 
stimulation of the cells with CpG-ODN for different periods 
of time resulted in different profiles (Tables J— 4). The differ- 
ences in mRNA expression between the cells with short and 
long stimulation could be attributable to the low reproduci- 
bility. However, to avoid experimental variations, we not only 
used the same batch of miooarrays from the same manu- 
facturer but also applied the samples of short and long term 
stimulation at the same time. In this way, we found that the 



changes iri expression fold of mRNA after CpG-ODN treat- 
ment were quite reproducible as shown by their mean 
± SEM fTable 4). A more likely explanation for the difference 
in the expression level of mRNA after different periods of 
stimulation with CpG-ODN is that the transient increase or 
decrease in these mRNA by CpG-ODN plays a significant 
role in mocluJating biological functions. For example, we 
found that the 11-18 receptor accessory protein from THP-1 
cells was up-regulated after 2h of CpG-ODN stimulation. 
The 1L-18/IL18R system is known to activate Thl -media ted 
immune responses, that play a critical role in host defense 
against infection [26]. Together with IL-18/1L18 R, several 
genes for antimicrobial defense were also increased, includ- 
ing thioredoxin, Pro-Pol-dUTPase pplyprotein and Spl40. 
After 8h of CpG-ODN stimulation, however, none of these 
genes was activated any more (Table 4); Since sustained or 
excessive production of these antimicrobial molecules might 
lead to inflammation and cellular damage |27], a plausible 
explanation is that TBP-1 cells fight against the invasion of 
pathogens by up-regulating antimicrobial defense-associated 
genes at an early stage of stimulation and then shut them 
down to avoid over-activation. Whether this explanation is 
true remains to be verified. 

It is noteworthy that our data also identified the up-reg- 
ulation of several anti-inflarnrnatory associated genes after 
8h of CpG-ODN stimulation. These genes included FPRL1, 
1L-10 receptor, Wtamin D receptor, and LxR (Table 3). FPR 
and FPR LI have been defined as chemotactic factors 
involved in host defense against bacterial infection and in the 
clearance of damaged cells. Additional studies have indicated 
that FRPL1 interacts with a menagerie of structurally diverse 
pro- and anti-inflammatory ligands associated with diseases, 
including amyloidosis, Alzheimer's diseases, prion disease 
and HIV (28, 29]. Therefore, FPRL1 may play an important 
role in regulating and/or balancing the production of pro- 
and anti-inflammatory molecules in CpG stimulated THP-1 
cells. Additionally, a recent study has demonstrated that LxRs 
and their ligands act as negative regulators of macrophage 
inflammatory gene expression and inhibit the expression of 
inflammatory mediators such as inducible nitric oxide syn- 
thase, cyclooxygenase and 1L-6 in response to bacterial 
infection or LPS stimulation [30]. Of interest, we found that a 
transcription factor gene connexin 59, a regulator of 1L-6 
expression, was up-regulated after 2 h of CpG-ODN stimula- 
tion. It is thus likely that CpG-ODN stimulation of THP-1 
cells for 2h may induce the expression of the pro-inflamma- 
tory cytokine IL-6 through the up-regulation of the connexin 
59 gene, while 8h of CpG-ODN treatment may counter- 
balance the initial inflammatory response by inducing LxR to 
inhibit JL-6 production. 

Signal transduction molecules play an important role in 
cellular activation. Intracellular signal transduction systems 
employing various intermolecular interactions through 
docking elements, including SH2 and SH3 domains, have 
been reported (31-33). Here we found that THP-1 cells 
treated with CpG-ODN for 2 h up-regulated gene expression 
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of Grb2-like protein (which contains ah SH3 domain), while 
8h of stimulation induced Nclc, Ash and phospholipase C 
binding protein (NAP4 which contains an SH2 domain). It is 
thus possible that Grb2-Iilce protein and NAP4 may play 
important roles in CpG-ODN mediated signaling pathways. 
Furthermore, recent studies have also revealed that binding 
of CpG-DNA to TLR9 results in activation of]NK (34). Since 
JNK is activated by Nek adaptor protein and Nek interacting 
kinase [35, 36), it is possible that CpG-ODN may activate JNK 
via up-regulation of NAP4. Although a recent publication 
described the gene expression profiles of a cultured mouse 
macrophage cell line after CpG-DNA stimulation [34], their 
microarray results were only conducted at one time-point 
(6h stimulation). Moreover, they did not report the meas- 
urement of protein expression profiles in response to CpG- 
ODN stimulation. 

Comparison of the gene and protein expression profiles 
showed that there was discordance between mRNA and pro- 
tein levels (Tableg). Similar discordance between the 
expression pattern of genes and proteins was also reported in 
other system using different stimuli [37-41], The dis- 
cordance between mRNA and protein levels could be due to 
screening capability such as detection sensitivity, choice of 
cut-off point, quantitativity of microarray and 2-D gels, as 
well as time discrepancy between gene and protein expres- 
sion [39, 40, 42, 43]. Alternatively, it could also be explained 
by posMrancriptional events, such as alternative splicing or 
PTM [39, 40, 42, 43). Another possible explanation is that 
most of the spots observed in the 2-D gels are isoforms of 
some proteins. The intensity of each spots does not neces- 
sary represent total amount of a certain protein and thus 
does not correlate with its mRNA level. Our finding that 
microarray results correlated better with Western blotting 
results (eg., ARF-3 in Fig. 2), an approach more suitable than 
2-D gels for determining the total amount rather than iso- 
forms of a given protein, seems to suggest that formation of 
isoforms should be carefully taken into consideration when 
one tries to correlate mRNA and protein expression data. 

Using a proteomics approach, we found that CpG-ODN 
treatment up-regulated the expression of many proteins 
including HSPs, metabolic enzymes, structural proteins, as 
well as macrophage capping protein, cydophilin and protea- 
some a arid 0 chain etc. HSPs are the most abundant and 
ubiquitous soluble intracellular proteins. They are up-regu- 
lated by various stressors including temperature, glucose 
deprivation, microbial infection and cancer [44]. They func- 
tion as molecular chaperones to prevent protein aggregation 
and contribute to the folding of nascent and aJlered proteins. 
In addition, they are abJe to regulate immune responses, 
including production of inflammatory cytokines and che- 
mokines and activation or maturation of immune cells [45, 
46]. Beside HSPs, cydophilin as well as proteasome a and 0 
chain have also been reported to be involved in the immune 
response [39, 47]; proteasome P chain is consistently up- 
regulated in human neutrophils following LPS exposure |39J. 
Our finding that the protein levels of HSPs, cydophilin. and 
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proteasome a and 0 chain were increased after CpG-ODN 
treatment suggests that these molecules might play a role in 
the immunostimulating efTect of CpG-ODN. To what extent 
these proteins contribute to the rmrnune responses of the 
cells to CpG-ODN is currently under study. Proteomk anal- 
ysis also showed that truncated forms of grp78, grp94 and 
hsc70 were induced, a phenomenon similar to caJreticulin 
observed by Richards and his coworkers [48]. The expression 
of full length hsc70 and grp78 were decreased, while the 
levels of their truncated derivatives was increased after CpG- 
QDN treatment. These results suggest that the degradation 
of these proteins has been enhanced We also found that 
proteosome a and 0 chains as well as ubiquitin specific pro- 
tease 32 were increased by CpG-ODN. Whether these 
enzymes or other enzymes were responsible for the genera- 
tion of truncated hsc70 and grp78 remains to be eluddated. 

Cells rely on multiple signaling pathways to determine 
their fates of survival, proliferation or apoptosis [4% In fact, 
apoptosis plays an important role in regulating pathogen' 
infection. To be able to grow and replicate in the target cells, 
pathogens may have to block apoptosis. Results from several 
laboratories have made it dear that HSP70 and HSP27 pro- 
tect cells not only from heat, but also from most apoptotic 
stimuli [48, 50] by binding to Akt and subsequently mediat- 
ing anti-apoptotjc activity through activation of Akt [51-53]. 
Since our data revealed that CpG-ODN induced the expres- 
sion of HSP90 and HSP27, it is possible that CpG-ODN 
might prevent apoptosis by up-regulation of HSPs. 

Interestingly, our microarray data also showed that CpG- 
ODN mediated the induction of a set of genes assodated 
with tumor progression and cell proliferation. Among these, 
one gene, W1SP-2, was up-regulated by. CpG-ODN after both 
2 and 8 h stimulation. WISP genes were first identified as 
downstream targets of the Wnt-lp catenin signaling path- 
way They belong to the CCN family of growth factors that 
have been receiving increasing attention lately due to some 
of the family members having been reported to be involved 
in angiogenesis and tumorigenesis [54J. It would be inter- 
esting to evaluate whether CpG-ODN plays a role in angio- 
genesis and tumorigenesis by regulating WISP-2. In addi- 
tion, we found that some genes associated with neurode- 
generation or neuroprotection, such as FPRLl, NMDAR 
(NMDA) receptor, PKC and dishevelled 3 were up-regulated. 
To our knowledge, this is the first report to suggest an asso- 
dation between these genes and CpG-ODN stimulation. As 
mentioned above, FPRL1 plays a crurial role in proin- 
flammatory aspects of systemic amyloidsis and neurodegen- 
erative disease such as Alzheimer's disease and prion disease 
[28]. NMDAR, PKC and disheveled are involved in modulat- 
ing amyloid precursor piotein metabolism, which is central 
to the pathogenesis of Alzheimer's disease [55-57]. Most 
notably, recent studies have shown that the TLR4-dependent 
pathway is involved in neurodegenerarion of the central 
nervous system [58]. Whether CpG-ODN moieties of patho- 
gens play any role in neurodegenerative diseases such as 
Alzheimer's remains to be elnodated. 
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Figure 8. ARF-3 participates in the CpG-0DN-TLR9-NF-icB path- 
way. HEK293 cells were cotransfected with p5>NF-xB and human 
TLR9J After overnight Iransfection, the cells were incubated.with 
or without 1.5 hm CpG-ODN for 8h in the presence or absence of 
increasing concentrations of the ARF-3 inhibitor brefeldih A. 
After incubation, cells were lysed and NF-xB lucif erase activity 
was measured. Data represent mean ± SEM \n = 3). 

Exposure of cells to LPS or microbial infection has been 
known to induce several genes encoding metabolic enzyme 
( 34, 39). Our rnicroarray data also revealed that a large number 
of genes encoding proteins involved in energy synthesis and 
fatty acid oxidation, such as enoyl- coenzyme A hydratase, 
propionyl coenzyme A carboxylase and cytochrome p4 50 
were activated by CpG-ODN treatment. In addition, we found 
that other proteins such as AKF-3 were up-regulated (Table 3, 
Fig. 8). ARFs are 20kDa GTPases of the ras superfamily that 
are critical to vesicular trafficking, including exocytic protein 
transport and endocytosis [59, 60]. This study demonstrates 
for the first time that ARF-3 is involved in the activation ofNF- 
kB induced by CpG-ODN (as shown in Fig. 8) 

CpG-DNA/ODN has been shown to elicit primarily 
responses via the TLR9/MyD88 dependent pathway [18, 21, 
22]. Chromosome location analysis showed that instead of 
localizing on one or two chromosome, the genes/proteins 
modulated by CpG-ODN stimulation are scattered on all 
chromosomes except chromosomes 23 and 24. These results 
seem to suggest that CpG-ODN either affects multiple chro- 
mosomes simultaneously or subsequently via cascades of 
cellular messengers. More studies are needed to elucidate its 
mechanism of actions. 



5 Concluding remarks 

In summary, by using microanay and pioteomic approaches 
to evaluate the effect of CpC ODN at different time points, 
we have found that genes/proteins regulated by CpG-ODN 



are related to inflammatory responses, antimicrobial defense, 
transcriptional regulation, intracellular signal transduction, 
tumor progression, cell differentiation, proteolysis, anti-apop- 
tosis as well as neurodegeneration and neuroprotection. Our 
results may help delineate the CpG-ODN mediated pathway 
and contribute to further understanding of mechanisms that 
link innate immunity with acquired immune response(s). 
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Institute of Medical Biochemistry, University of Oslo, Norway. 
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Quantification of CK20 gene aad protein expression in colorectal cancer 
by RT-PCR aad immunouistockeinistry reveals inter™ and intratumonr 
heterogeneity. 

Lassmann S, Bauer_M, Soong R, Schregtmann J . TahitiR Nahrbi RugerR 
Hofler R Werner M . \ 

Pathologisches Institut, Uruversitatsklinikum Freiburg, Albertstrasse 19, 79104 Ereiburg, 
Germany, lassmann@ukl.uni-freiburg.de 

Cytokeratin 20 (CK20) is an epithelial protein expressed almost exclusively in the 
gastrointestinal (GI) tract and is widely used as immunohistochemical marker for routine 
diagnosis. In contrast, CK20 gene expression is not an established marker for the 
classification of tumours and the detection of disseminated cancer cells in colorectal 
cancer. Recently, real-time reverse transcriptase polymerase chain reaction (RT-PCR) has 
provided the means for reproducible and quantitative investigation of molecular markers. 
This report directly compares CK20 mRNA and protein expression in serial sections of 
archival, formalin-fixed, paraffin-embedded (FFPE) colorectal adenocarcinomas. CK20 
expression was detected by immunohistochemistry (IHC) in 60/63 (95.2%) cases by 
conventional RT-PCR in 58/60 (96.7%) and by quantitative RT-PCR using the 
LightCycler (LightCycler is a trademark of a Member of the Roche Group) System in 
29/32 (90.6%) microdissected cases, one case yielding variable results. Despite the high 
detection rate of all three techniques, marked heterogeneity of CK20 expression was seen 
between different cases and also within individual cases. CK20 expression profiles were 
not related to particular histopathologic^ features of the tumours. A good correlation (r = 
0.8964) was found between CK20 mRNA and protein expression by comparing 
quantitative RT-PCR with IHC in 32 cases. Tins was also true for selected heterogeneous 
tumour cells within individual cases. Both RT-PCR and IHC are therefore valuable tools 
for CK20 detection in colorectal adenocarcinoma, with real-time RT-PCR providing 
supplementary quantitative information. This suggests a promising supportive role for 
quantitative RT-PCR in molecular pathology. Copyright 2002 John Wiley & Sons, Ltd. 
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Expression of the multidrug resistance-associated protein (MRP) mRNA 
and protein in normal peripheral blood and bone marrow haemopoietic 
cells. 

Lcgrand O, Perrot JY , Tang R, Simoniu G , GurbuxantS. Zittoun R . Marie JP . 

Laboratoire de Cinetique et de Cultures Cellulaires, Hotel Dieu, Paris, France. 

We studied the expression of multidrug resistance-associated protein (MRP) in normal 
haemopoietic cells from peripheral blood and bone marrow. The MRP mRNA levels 
were estimated by RT/PCR and in situ hybridization (ISH) assay, and the protein levels 
by flow cytometry. 21 samples of peripheral blood and 21 samples of bone marrow (1 1 
normal bone marrow donors, 10 patients in complete remission after chemotherapy for 
large cell lymphoma or acute myeloid leukaemia) were analysed. In peripheral blood the 
mean MRP mRNA level in CD3+ pells was statistically higher than in the other cells (3- 
fold by the methods used). The levels of MRP in CD3+ varied from one individual to 
another (4.5-34.8 units by RT/PCR and 5-23 grains/cell by ISH); however, this was 
proportional to the variation in all the cell lineages of same individual (r = 0.84). In bone 
marrow the mean MRP levels of the various cell lineages (including CD34+) were 
similar to the basal level in HL60 -cells. Individual expression levels were again variable; 
however, there was no difference between untreated normal bone marrow and post 
chemotherapy normal bone marrow. MRP protein expression was determined by flow 
cytometry with the monoclonal antibody MRPm6. The CD4+ lymphocytes exhibited a 
higher MRP protein expression than the other cell lineages, including CD8+ cells. There 
was a good correlation between the three methods used (RT/PCR and ISH, P = 0.0001, r 
- 0.87; RT/PCR and flow cytometry, P = 0.0001 , r = 0.85; ISH and flow cytometry P = 
0.002, r = 0.67); 

PMID: 8757504 [PubMed - indexed for MEDLINE] 
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Vascular endothelial growth factor enhances cardiac allograft 
arteriosclerosis. 

LemstromKB, Krcbs R, Nykancn AI . Tikkanen JM , Sihvola RK Aaltola EM . 
Hayry PJ, Wood J . Alitalo K . Yla-Herttuala S . Koskincn PtC 

Cardiopulmonary Research Group, Transplantation Laboratory, University of Helsinki 
and Helsinki University Central Hospital, Helsinki, Finland. KarLLemstrom@helsinki.fi 

BACKGROUND: Cardiac allograft arteriosclerosis is a complex process of alloimmune 
response, chronic inflammation, and smooth muscle cell proliferation that includes cross 
talk between cytokines and growth factors. METHODS AND RESULTS: Our results in 
rat cardiac allografts established alloimmune response as an alternative stimulus capable 
of inducing vascular endothelial growth factor (VEGF) mRNA and protein expression in 
cardiomyocytes and graft-infiltrating mononuclear inflammatory ceils, which suggests 
that these cells may function as a source of VEGF to the cells of coronary arteries. Linear 
regression analysis of these allografts with different stages of arteriosclerotic lesions 
revealed a strong correlation between intragraft VEGF protein expression and the 
development of intimal thickening, whereas blockade of signaling downstream of VEGF 
receptor significantly reduced arteriosclerotic lesions. In addition, in cholesterol-fed 
rabbits, intracoronary perfusion of cardiac allografts with a clinical-grade adenoviral 
vector that encoded mouse VEGF(164) enhanced the formation of arteriosclerotic 
lesions, possibly secondary to increased intragraft influx of macrophages and 
neovascularization in the intimal lesions. CONCLUSIONS: Our findings suggest a ' 
positive regulatory role between VEGF and coronary arteriosclerotic lesion formation in 
the allograft cytokine microenvironment. 
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CHAPTER 29 



Regulation of transcription 



•.V- 



1 



3P 



The phehotypic differences that distinguish the 
various kinds of cells in a higher eukaryote are 
largely due lo differences in the expression of 
genes that code for proteins, that is, those tran- 
scribed by RNA polymerase IJ. In principle, the 
expression of these genes might be regulated at 
any one of several stages. The concept of the 
; "level of control" implies that gene expression 
is not necessarily an automatic process once it 
has begun, ll could be regulated in a gene- 
specific way at any. one of several sequential 
sieps. We can distinguish (at least) five poten- 
tial control points, forming the series: 

Activation of gene structure 
i 

Initiation of transcription 
i 

Processing the transcript 

Transport to cytoplasm 
I 

Translation of mRNA 

The existence of Die first step is implied by 
'he discovery Dial genes may exist in either of 
two structural conditions. Relative lo the stale 
of most of the genome, genes are found in 
3 »> "active" state in Ihe cells in which they 
we expressed (see Chapter 27). The change of 
slrnciure is distinct from the act of transcrip- 
tion, and indicates that the gene is "transcribe 
^ie." This suggests that acquisition of the 
Relive" structure must be the first step in «enc 
ex pression. 

Transcription of a gr-jjc in \Ut; ;u;the siale is 



controlled at the stage of initiation, tnat is, by 
the interaction -of RNA polymerase With its pro- 
moter. This is now becoming susceptible to 
analysis in the in vitro systems (see Chapter 
28). For most genes, this is a major control 
point; probably it is die most common level of 
regulation. 

There is at present no evidence for control 
at subsequent stages of transcription in eukary- 
otic cells, for example, via antitermination 
mechanisms. 

The primary transcript is modified by capping 
at die 5'. end, and usually also by polyadenyla- 
tion at Ihe 3' end. Introns must be spliced out 
froin the transcripts of interrupted genes. The 
mature RNA must be exported from the nucleus 
to the cytoplasm. Regulation of gene expression 
by selection of sequences at die level of nuclear 
RNA might involve any or all of these stages, 
but tile one for which we have most evidence 
concerns changes in splicing; some genes are 
expressed by means of alternative splicing pat- 
terns whose regulation controls the type of pro- 
tein product (see Chapter 30). 

Finally, the translation of an mRNA in the cyto- 
plasm can be specifically controlled. There is hide 
evidence for the employment of this mechanism in 
adult somatic ceils, but ii does , occur in some 
embryonic situations, as described in Chapier 7. 
The mechanism is presumed to involve the block- 
ing of initiation of translation of some mKNAs by 
specific protein factors. 

But having acknowledged that control of gene 
expression can occur at multiple stages, and 
that production of RNA cannot inevitably be ■ 
equaled wjrh production of protein, it is clear 
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MS I Chapter 29 



that the overwhelming majority of regulatory 
events occur at the initiation of transcription. 
Regulation of tissue-specific gene transcription 
lies at the heart of eutaryotic differentiation; 
indeed, we see examples in Chapter 58 in 
which proteins that regulate embryonic devel- 
opment prove to be transcription factors. A reg- 
ulatory transcription factor serves to provide 



common control of a large number of target 
genes, and we seek to answer two questions 
about this mode of regulation: what identifies 
the common target genes to the transcription 
factor; and how is the activity of the transcrip- 
tion factor itself regulated in response to intrin- 
sic or extrinsic signals? 



Response elements 'identify 
regulation 



genes under common 



The principle that emerges from characterizing 
groups of genes under common control is that 
they share a promoter dement that is recognized 
by a regulatory transcription factor. An element 
that causes a gene to respond to such a factor 
is called a response element; examples are the 
. HSE (heat shock response element), GRE 
(glucocorticoid response element), SHE (serum 
response element). 

The properties of some inducible transcription 
fact ors and the elements that they recognize are 
summarized in Table 29.1. Response elements 
have the same general characteristics as 
upstream elements of promoters or enhancers. 
Tbey contain short consensus sequences, and 
copies of the response elements found in dif- 
ferent genes are closely related, but not neces- 
sarily identical. The region bound by the factor 
extends for a short distance on either side of 

if 



. Table 29.1 inducible transcription factors, bind to" ': ■ 
response elements that identify groups' of promoters' 
' or'enhancers subject to coordinate control. . 



Regulatory Agent Module Consensus 



Factoi 



Heal ihotk USE 

Glucocorticoid GRE 

Phorbol esief 7 RE 

Serum SRE 



CNNGAANN7CCNNG HSTF 

1 GG7 AC AAA.7 GTT C7 Receplor 

7GAC7CA API 

CCA7A7~TAGG SRF 



the consensus sequence. In promoters, the ele- 
ments are not present at fixed distances from 
the startpoint, but are usually <200 bp upstream 
of it The presence of a single element usually 
is sufficient to confer, the regulatory response, 
but sometimes there are multiple copies. 

Response elements may be located in pro- 
moters or in enhancers. Some types of elements 
are typically found in one rather than the other: 
usually an USE is found in a promoter, >vhile a 
GRE is found in an enhancer. We assume thai 
all response elements function by the same 
general principle. A gene is regulated by a 
sequence at the promoter or enhancer that is 
recognized by a specific protein. r J7ie protein 
fractions as a transcription factor needed for 
HNA polymerase to initiate. Active protein is 
available only under conditions when the gene is 
to be expressed; its absence means that the pro 
motcr is not activated by this particular circuit 
An example of a situation in which many 
genes are controlled by a smgle factor is pro- 
vided by the heat shock response. This is com- 
mon to a wide range of pnxkaryoles and 
enkaryotes and involves multiple controls of 
gene expression: an increase in temperature 
turns off transcription of some genes, turns on 
U*anscription of the heat shock iiencs, and 
causes changes in the translation of mRNAs. 
The control of the heat shock genes illustrates 
the differences between prokaryotic and 
eukaryotic modes of control. In bacteria, a ne» v 
sigma factor is synthesized thai directs HNA 
polymerase boloenzyme to re cognize an altcr- 
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Retinal preconditioning and the induction of heat-shock protein 27. 
LiY, RothS, LgscrM, MaJX, Crosson CE . 

C^t^^" 1010 ^' MCdiCa! UniV6rSity ° f S ° Uth Car0lina * Charlest -. South 

S^5 E !. BriCf ^ ri0dS of isbhemia have been shown to protect the retina from 
potential y damagmg periods of ischemia. This phenomenon has been termed Shemic 
precond.t.onmg or tschemic tolerance, In the present study the cellular cE£bE3, 
of heat shock proton (Hsp)27, -70, and -90 mRNA and expression of Hsp , ffhe rltreL 
associated w,th ischemic preconditioning were equated. METHODS "3X^*7 
schenna was created in Long-Evans and Sprague-Daw.ey rats for 5 minute S were 
; then left for 1 hour to 7 days, to allow the retina to reperruse. Retinas were dissSj L 
mRNA and protein isolated, and Northern and Western blot analyses ^SSSd£ 
changes m expression of Hs P 27, -70, and -90. Immunochemical stud^Z^L 
ident.fy ret.nal reg.ons where Hsp changes occurred. Selected animals were slated to 
a second .schem.c event, 60 minutes in duration, to correlate the ch4SexSe S on of 
Hsp with funct.onal protection of the retina from ischemic injury. RESULT 
and sham-treated animals retinal Hsp27, -70, and -90 mRNA^ere deteSe Five 
hours after ret.nal preconditioning, levels of Hs P 27 mRNA were elevated above control 
levels, and 24 hours later, mRNA levels increased 200% over basal levels Hsp27 

ST e / e T d UP f ° 72 h ° UrS a " d *™ be ^ to ^rn to control 

levels Hsp27 prote.n levels were increased by 200% over basal levels 24 hours after 

retmal preconditioning, remained at this level for 72 hours, and then returned to control 
levels. In contrast no consistent change in Hs P 70 or -90 mRNA or protein Lvels was 
observed dunng the course of the study. Immunohistochemica. studies demoS^thal 
he lncrease ln e n of Hsp2? was localjzed to non-neuron^dts n 

SmS? 'TI S ° f ,he , re,ina - EleCtroreti "°g ra Phy ^dies demonstrated a strong 
correlate between the protection of retinal function from ischemic injury and the 

SS 7 Ta ! P2?r C ° r NCLUS,ONS: T*** ™** Provide evidence thaUhe tduction 
of Hsp27 .s a gene-spec.fic event associated with ischemic preconditioning in the retina 

cd, ^arrtT' 0 " ° f HSP2? ° CCUrS " b ° th md "°™«>nal rcS 

ische'n^ Z P Z Z ° T P ° nent ° f U,C " eur °P ro ^tive events induced by 

ischemic preconditioning .n the retina. 

PMID: 1 260 1 062 [PubMed - indexed for MEDLINE] 
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Enhanced expressions of arachidonic acid-sensitive tandem-pore domain 
potassium channels in rat experimental acute cerebral ischemia. 

Um, ZLangHX, LiLL. WangXL. 

Institute of Materia Medica, Chinese Academy of Medical Sciences and Peking Union 
Medical College, Beijing 100050, China. K 

To further explore the pathophysiological significance of arachidonic acid-sensitive 
potassium channels, RT-PCR and Western blot analysis were used to investigate the 

szssar of ™L K cha r * in ^ md wpp °^ us - «* ^l^m 

acute cerebral .schemia in this study. Results showed that TREK- 1 and TRAAK mRNA 
after H J I f ™ K - 2 " ^H™"^ showed significant^ h 

the ln£ 7 T 7 ° cdusion (MCAO) - mUe aie e *P ressio « '-^ of 

the all three channel subtypes increased significantly 24 h after MCAO in cortex and 
hippocampus^At the same time, the protein expressions of all the three channel proteins 

tSk iTweT ,nCr T 24 h 3fter MCA ° ™ M * - d hippocampus, but oJuy 
Si^Tf '"^ CX P ression 2 h after M CAO in cortex and hippocampus. 
Immunohtstochemical experiments verified that all the three channel proteins had higher 
expression levels in cortical and hippocampal neurons 24 h after MCAO TnTe Lu£ 

riiK^r^ 0 : betWCen TREK ChanndS ^ 3CUte --bral ischemTa S 
Channds ""^ P rovide a neuroprotective mechanism in the pathological process. 

PMED: 15652517 [PubMed - indexed for MEDLINE] 
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Increasing expression of tissue plasminogen activator and plasminogen 
activator mhibitor type 2 in dog gingival tissues with progressive 
inflammation. 

Lindberp P, jOnnby B, Lecander i . T.angjVP 

Center for Oral Health Sciences, Malmo University, S-2I4 21 Malmo, Sweden 
pia.Iindberg@od.mah.se 

thSiZl ?? tissUe t yP e :P ,asi « in ^n activators (u-PA and t-PA) are serine proteases 
tha convert plasminogen mto plasmin, which degrades matrix proteins and activates 
meta loprote.nases The PAs are balanced by specific inhibitors (PAI- 1 and PAI-2) 
L^cal production of t-PA and PAI-2 was recently demonstrated in human gingival 
tissues. The mm now was to investigate the production and localization of t- PA and PAI- 
-2 in gingival tissues.from dogs in three well-defined periodontal conditions; clinically 
healthy gingiva, chronic gingivitis and an initial stage of ligature-induced loss of 
attachment. At the start of the experiment the gingiva showed clear signs of 
inflammation Clinically healthy gingiva were obtained after 21 days period of intense 
oral hygiene^ Attachment loss was induced by placing rubber ligatures around the neck of 
some teeth. B.opsies were taken from areas representing the different conditions and 
prepared for in situ hybridization and inununohistochemistry. In clinically healthy 
gingiva both t-PA mRN A and antigen were expressed in a thin outer layer of the sulcular 
and junctional ep.theha. No t-PA signals or staining were seen in connective tissue. Both 
mRNA signahng and immunostaining for t-PA were stronger in chronic gingivitis. In 

T ° f r ,M - l " PA ,DRNA 35 We " 35 were found^nfhe sulcular 

and juncfonal ep.theha to a similar degree as in gingivitis. Occasionally the connective 
issue was involved especially in connection with vessels. PAI-2 mRNA was seen in a 
thin outer layer of the sulcular and junctional epithelia in clinically healthy gingiva but 
no s.gnals were seen in connective tissue. PAI-2 antigen was found primarily in the 
outer layer of the sulcular and junctional e P ithelia,Some cells in the connective tissue 
were stained. In gmgiv.t.s, PAI-2 signals were mainly found in the same locations but 
more intense and extending towards the connective tissue. Immunostaining was seen in 
the outer half of the sulcular and junctional epithelia as well as in the upper part of the 
connecnve t.ssue, close to the sulcular epithelium. In sites with loss of attachment, PAI- 

f T ^° x U Sh° ut the su,cular and junctional epithelia, as was the antigen, 
which stamed intensely. No PAI-2 mRNA was seen in connective tissue; the antigen was 
found scattered, especially near vessels. This study shows that the expression of both t- 
PA and PAI-2 mcreases with experimental gingival inflammation in the dog and 
mrtliermore, the two techniques demonstrate a strong correlation between the 
topographical distribution of the site of protein synthesis and the tissue location of the 
antigens for both t-PA and PAI-2. The distribution correlates well with previous 
nndings in humans. 



135: Mod PathoL 2002 Sep; 15(9):979-87. Related Articles, Unks 

Effect of duration of fixation on quantitative reverse transcription 
polymerase chain reaction analyses. 

Macabeo-OngM, Ginzingcr DG . Dekker N, McMillan A . Regezi J A Won*? DT 
Jordan RC . ~ ' ' 

Oral Pathology, Department of Stomatology, University of California San Francisco 
California 94143-0424, USA. 

Increasingly, there is the need to analyze gene expression in tumor tissues and correlate 
these findings with clinical outcome. Because there are few tissue banks containing 
enough frozen material suitable for large-scale genetic analyses, methods to isolate and 
quantify messenger RNA (mRNA) from formalin-fixed, paraffin-embedded tissue 
sections are needed. Recovery of RNA from routinely processed biopsies and 
quantification by the polymerase chain reaction (PCR) has been reported; however, the 
effects of formalin fixation have not been well studied. We used a proteinase K-sak 
precipitation RNA isolation protocol followed by TaqMan quantitative PCR to compare 
the effect of formalin fixation for 24, 48, and 72 hours and for 1 week in normal (2), oral 
epithelial dysplasia (3), and oral squamous ceil carcinoma (4) specimens yielding 9 fresh 
and 36 formalin-fixed samples. We also compared mRNA arid protein expression levels 
using immunohistochemistry for epidermal growth factor receptor (EGFR), matrix 
metalloproteinase (MMP)-l , P 21, and vascular endothelial growth factor (VEGF) in 15 
randomly selected and routinely processed oral carcinomas. We were able to extract 
RNA suitable for quantitative reverse transcription (RT) from all fresh (9/9) and 
formalin-fixed (36/36) specimens fixed for differing lengths of time and from all (15/15) 
randomly selected oral squamous cell carcinoma. We found that prolonged formalin 
fixation (>48 h) had a detrimental effect on quantitative RT polymerase chain reaction 
results that was most marked for MMP-] and VEGF but less evident for p21 and EGFR. 
Comparisons of quantitative RT polymerase chain reaction and immunohistochemistry 
showed that for all markers, except p2 1 , there was good correlation between mRNA and 
protein levels. p21 mRNA was overexpressed in only one case, but protein levels were 
elevated in all but one tumor, consistent with the established translational regulation of 
p21. These results show that RNA can be reliably isolated from formal in-fixed, paraffin- 
embedded tissue sections and can produce reliable quantitative RT-PCR data. However, 
results for some markers are adversely affected by prolonged formalin fixation times. 
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Id-1 and Id-2 are overcxprcsscd iu pancreatic cancer and in dysplastic 
lesions in chronic pancreatitis. 

Maruyama H , KleeffJ, Wildi S„ Fricss H . Bucl.ler MW. Israel MA K or c M . 
Division of Endocrinology, Department of Medicine, University of California, Irvine, 

Id proteins antagonize basic helix-loop-helix proteins, inhibit differentiation, and enhance 
cell proliferation. In this study we compared the expression of Id-1 Id-2 and Id-3 in the 
normal pancreas, in pancreatic cancer, and in chronic pancreatitis (CP). Northern blot 
analysis demonstrated that all three Id mRNA species were expressed at high levels in 
pancreatic cancer samples by comparison with normal or CP samples. Pancreatic cancer 

»!T S f J 5quenfl y coexpressed all three Ids, exhibiting a good correlation between Id 
mRNA and protein levels, as determined by immunobiotting with highly specific anti-Id 
antibodies. Immunohistochemistry using these antibodies demonstrated the presence of 
taint Id-1 and Id-2 immunostaining in pancreatic ductal cells in the normal pancreas 
whereas Id-3 immunoreactivity ranged from weak to strong..In the cancer tissues, many 
of the cancer cells exhibited abundant Id-1, Id-2, and Id-3 immunoreactivity. Scoring or, 

mi S !fr°, PSrCentage ° f P ° Sitivfe 061,5 and intensit y of immunostaining indicated that 
Id-1 and Id-2 were increased significantly in the cancer cells by comparison with the 
respective controls. Mild to moderate Id immunoreactivity was also seen in the ductal 
cells m the CP-hke areas adjacent to these cells and in the ductal cells of small and 
interlobular ducts in CP. In contrast, in dysplastic and atypical papillary ducts in CP Id-1 
and Id-2 immunoreactivity was as significantly elevated as in the cancer cells These 
findings suggest that increased Id expression may be associated with enhanced 

proliferative potential of pancreatic cancer cells and of proliferating or dysplastic ductal 

ociis in v_^r . 
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ld-1 and ld-2 Are Overexpressed in Pancreatic 
Cancer and in Dysplastic Lesions in 
Chronic Pancreatitis 



Haruhisa Maruyama,* Jorg Kleeff,* Stefan Wildi/ . 
Helmut Friess,* Markus W. Buchler,* 
Mark A. Israel * and Murray Korc* 

From tbe Division of Endocrinology, Diabetes, and Metabolism*. 
Departments of Medicine, Biological Chemistry and 
Pharmacology, University of California, Irvine, California; tbe ' 
Department of Visceral and Transplantation Surgery? University 
of Bern, Bern, Switzerland; and tbe Preuss Laboratory? 
Department of Neurological Sttrgeiy, University of California, 
San Francisco, California . 



Jd proteins antagonize basic belix-Joop-helix pro- 
teins, inhibit differentiation, and enhance cell prolif- 
eration. In this study we compared tbe expression of 
Id-3, ld-2, and ld-3 in the normal pancreas, in pan- 
creatic cancer, and in chronic pancreatitis (CP). 
Northern blot analysis demonstrated that all three Id 
mRNA species Tvere expressed at high levels in pan- 
creatic cancer samples by comparison ^tvith normal or 
CP samples. Pancreatic cancer cell lines frequently 
coexpressed all three Ids, exhibiting a good correla- 
tion between Id mRNA and protein levels, as deter- 
mined by immunoblotting with highly specific anti Id 
antibodies. Immunohistochemistry using these anti- 
bodies demonstrated the presence of faint ld-3 and 
ld-2 immunostairiing in pancreatic ductal cells in the 
normal pancreas, whereas Id-3 immnn ore activity 
ranged from weak to strong. In the cancer tissues, 
many of the cancer cells exhibited abundant ld-3 , 
ld-2, and ld-3 immunoreactivity. Scoring on the basis 
of percentage of positive cells and intensity of inunu- 
nostaining indicaied that Id- 1 and ld-2 were increased 
significantly in the cancer cells by comparison with 
the respective conirols. Mild to moderate Id wununo- 
reactivity was also seen in the ductal cells in the 
CP- like areas adjacent to these cells and in the ductal 
cells of small and interlobular ducts in CP. In con- 
trast, in dysplastic and atypical papillary ducts in CP, 
ld-1 and ld-2 immunoreactivity was as significantly 
elevated as in the cancer cells. These findings suggest 
that increased Id expression may be associated with 
enhanced proliferative potential of pancreatic omcer 
cells and of proliferating or dysplastic ductal cells in 
CP. (A>»J Pathol 1*J9% 155:825-822) 



Basic helix-loop-helix (bHLH) proteins play an important 
role as transcription factors in cellular development, pro- 
liferation, and differentiation; 1 * 2 The basic domain of the 
bHLHs is required for binding to an E-box DNA se- 
quence, thus promoting transcription of specific target 
genes. The HLH domain promotes dimer formation with 
various members of the bHLH protein family. 1,2 Ho- 
modimers of the class B family of bHLH proteins, includ- 
ing MyoD, NeuroD, and numerous other proteins, are 
known to activate tissue-specific genes. 3 ^ These tissue- 
specific bHLHs typically form heterodimers with widely 
expressed class A bHLHs, which include proteins en- 
coded by E2A,£2-2, HEB, and other genes (also termed 
E-proteins). 6 " 9 These heterodimers activate transcription 
of genes that are associated with differentiation. 

Id genes encode a family of four HLH proteins thai lack 
the basic DNA binding domain. 1 * 10 They act as dominant- 
negative HLH proteins by forming high affinity het- 
erodimers with other bHLH proteins, thereby preventing 
them from binding to DNA and inhibiting transcription of 
differentiation-associated genes. 10 ~ 12 Id gene expres- 
sion is down-regulated on differentiation in many cell 
types in vitro and in vtvo.^ e In addition, Id proteins seem 
to be required for cell cycle progression through G-./S 
phase in certain cell types, and interaction between ld-2 
and pRB is associated with enhanced proliferation in 
some cell lines in vitro? 9 ' 23 

Pancreatic cancer is the fifth leading cause ol cancer 
death in. the United States, with a mortality rate that vir- 
tually equals its incidence rale. 24 This malignancy is often 
associated with the overexpression of a variety of myo- 
genic growth factors and their receptors, and by onco- 
genic mutations of K-ras and inactivatton ol the p53 tumor 
suppressor gene. 25 We have recently reported that pan- 
creatic cancers overexpress the HLH protein ld-2, and 
that enhanced expression ol Ihis protein is evident in the 
cytoplasm of the cancer cells within the pancreatic tumor 
mass. 26 It is not known, however, whether the expression 
of other Id proteins is altered in this malignancy, or 
whether their expression is altered in chronic pancreatitis 
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(CP), an inflammatory . disease that is characterized by 
dysplastic ducts, foci of proliferating ductal cells, acinar 
cell degeneration, and fibrosis. 27 We now report that 
there is a five- to sixfold increase in ld-1 and ld-2 mRNA 
levels and a twofold increase in ld-3 mRNA levels in 
pancreatic cancer by comparison with the normal pan- 
creas. In contrast, overall Id mRNA levels are not in- 
creased in CP. 



Patients and Methods 

Normal human pancreatic tissue samples from 7 male 
and 5 female donors (median age 41.8 years, range. 
14^68 years), CP tissues from 13 males and 1 female 
(median age 42.1 years; range 30-56 years), and pan- 
creatic cancer tissues from 10 male and 6 female donors 
(median age 62.6 years; range 53-83 years) were ob- 
tained through an organ donor program and from surgi- 
cal specimens from patients with severe symptomatic 
chronic pancreatitis or pancreatic cancer. A partial 
duodenopancreatectomy (Whipple/pylorus-preserving 
Whipple; n = 13), a left resection of the pancreas (n = 2), 
or a total pancreatectomy (n = 1) were carried out in the 
pancreatic cancer patients. According to the TNM clas- 
sification of the Union Internationale Contre le Cancer 
• (UICC) 6 tumors were stage 1 , 1 was stage 2, and 9 were 
stage 3 ductal cell adenocarcinoma. Freshly removed 
tissue samples were fixed in 10% formaldehyde solution 
for 12 to 24 hours and paraffin-embedded for histological 
analysis. In addition, tissue samples were frozen in liquid 
nitrogen immediately on surgical removal and maintained in 
-80°C until use for RNA extraction. All studies were ap- 
proved by the Ethics Committee of the University of Bern, 
Bern, Switzerland, and by the Human Subjects Committee 
at the University of California, Irvine. California. 

Northern Blot Analysis 

Northern blot analysis was carried out as described pre- 
: viously. 2628 Briefly, total RNA was extracted by the single 
step acid guanidinium thiocyanate phenol chloroform 
method. RNA was size-fractionated on 1.2% agarose/1.8 
mot/L formaldehyde gels, elect rotransf erred onto nylon 
membranes, and cross-linked by UV irradiation. Blots 
were prehybridized and. hybridized with cDNA probes 
and washed under high stringency conditions. The fol- 
lowing cDNA probes were used: a 979-bp human ld-1 
cDNA probe, a 440-bp human ld-2 cDNA probe, and a 
450-bp human Id-3 cDNA probe, covering the entire 
coding regions of ld-1. ld-2, and ld-3, respectively. A 
SamHf 190-bp fragment of mouse 7S cDNA that. hybrid- 
izes with human cytoplasmic RNA was used to confirm 
equal RNA loading and transfer. Blots were then exposed 
at -80°C to Kodak BioMax-fvIS films and the resulting 
autoradiography were scanned to quaniify ihe intensity of 
the radiographic bands. 26 20 For each sample the ratio of 
Id mRNA expression to 7S expression was calculated. To 
compare the relative increase in expression ol Ihe re- 
spective Id mRNA species in Ihe cancer and CP sam- 
ples, the same normal samples were used lor normal/ 
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Figure 1. mRNA expression or ld-1, Jtl-2, and ld-3 In pancreatic cancer and 
chronic pancreatitis. Tom) RNA (20 jig/lane) from six normal, eight cancer- 
ous, and seven chronic pancreatitis (issue samples were, subjected 10 North- 
em blot analysis using 32 P-labeled cDNA probes (500.000 cpni/ml) specific 
for Jd-1, ld-2, and lU-3 ? respectively; A 7S cDNA probe (50,000 cpm/ml) was 
used as a loading and transfer control. Exposure times of the iwrmal/cancer 
blots were 1 day fof a» Id probes, :ind 2 days for the normal/CP blow. 
Exposure time was 4 hours for mouse 7S cDNA. By comparison with the 
normal samples, jd-1 and ld-3 mRNA levels were elevated in 8 and 9 cancer 
samples, respectively, whereas Jd-2 was elevated in 6 oncer samples. 

cancer and normal/CP membranes. The median score for 
ld-1, ld-2. and ld-3 mRNA levels in these normal samples 
was set to 100. Statistical analysis was performed with 
SigmaStat software (Jandel Scientific, San Raphael, CA). 
The rank sum test was used, and P < 0.05 was taken as 
the level of significance. 

Cell Culture and Western Blot Analysis 

PANC-1, MIA-PaCa-2, ASPC-1, and CAPAN-1 human 
pancreatic cell lines were obtained from ATCC (Manas- 
sas, VA). COL 0-357 human pancreatic cells were a gift 
from Dr. R. S. Metzger (Durham, NC). Cells were roulinety 
grown in DMEM (COLO-357, MIA-PaCa-2. PANC-1) or 
RPMI (ASPC-1. CAPAN-1) supplemented with 10% tela! 
bovine serum. 100 U/ml penicillin, and 100 /ig/ml strep- 
tomycin. For irnrnunoblot analysis, exponentially growing 
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Figure 2. Densitornetric analysis of Northern Woes. Autoradiography of 
Northern blots from 12 normal. J 4 CP, and )6 pancreatic cancers were 
analyzed by densitometry. mHNA levels wcie determined by calculating the 
mto of ihe optical density for the respective Id mRNA species in relation to 
(he optical density of mouse 75 cDNA. To compare the relative increase in 
expression of the respective Id mRNA species in die cancer and CP- samples, 
the same normal samples were used for normal/cancer and normal/CP 
membranes. Normal pancreatic tissues are indicated by circles CP tissues bv 
Iriangtes, and cancer tissues by squares. Data are expressed as median 
scores ± SIX By comparison wiih ihe normal samples, only the cawer 
samples exhibited significant increases: 6..Vfokl (P < 0.0)) for Jd-1 fivefold 
<P < 0.01) for Id-?, and twofold = 0.027) for '* 



cells (60-70% conlluent) were solubilized in lysis buffer 
containing 50 mmoI/L Tns-HCl. pH 7.4, 150 mmol/L NaCI, 
1 mmol/L EDTA, 1 /ig/ml pepstalin A, 1 mmol/L phenyl- 
methylsultonyl fluoride (PMSF). and 1% Tiilon X- 100. Pro- 
teins were subjected to sodium dodecyl sulfate polyacryl- 
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Figure 3. Id mRNA and protein expression in paj>ereaiic cancer cell lines. 
Upper panels: Total UNA (20 /jg/lane) from 5 pancreatic cancer cell lines 
were subjected to Northern blot analysis using -VP-labeled cONA probes 
(500,000 cpm/'ml) specific for Id- 1, )d-2, and Id-3 ; respect ivery. Exposure 
limes were ) day for all Id probes. Lower panels: Immunoblouing. Cell 
lysaies (30 >ig/lane) were subjected to SDS-PAGE- Membranes were probed 
wiih specific ld-1. Id- 2, :md ld-3 antibodies. Visualization was performed by 
enhanced ohemiluminescence. 



amide gel electrophoresis (SDS-PAGE), transferred to 
Immobilon P membranes, and incubated for 90 minutes 
with the indicated antibodies and tor 60 minutes with 
secondary antibodies against rabbit IgG. Visualization 
was performed by enhanced chemiluminescence. 



immunohisiochemistry 



Specific rabbit anti-human ld-1 (C-20), id-2 (C-20). and 
ld-3 (C-20; all from Santa Cruz Biotechnology, Santa 
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Figure 4. Norma) and cancerous pancreatic I issues were subjected to immu- 
noslaining using highly specific ami-Id- 1 (A C), anti-Id- 2 (D-F). and ami-ld-3 
(G-I) antibodies as described in the Methods section. Moderate to strong Id- 1 
immunoreactivity was present in the cytoplasm of duct- 1 ike cancer cells (A 
and C, left panel). In the normal pancreas there was weak ld-1 mimunore- 
activity in the ductal cells (B). Preabsorption wiih the Id- 1 -specific blocking 
peptide abolished the Id- J immunoreactivity (C, righl panel). Strong Id- 2 
immunoreaciivity was observed in the cytoplasm of the cancer cells that 
exhibited duct-like structures (D and F. left panel), whereas in the normal 
pancreas, there was only weak Id- 2 mirminoreactiviry in the ductal cells (E). 
Preabsorpiion wiih ihe Id-2-specifie; blocking peptide abolished the td-2 
imnnmoreaciivity <F. righl panel). Moderate to strong kl-3 intmunort-aciivity 
was present in the duct- like cancer cells (G and I, left panel). Moderate to 
strong ld-3 immnnoieactiviiy was also present in ihc ductal cells of normal 
pancreatic tissue samples (H). ld-3 immunoreactivity was completely :ibol- 
isbed by pieabsoipiion *Wlh the ld-3 specific blocking peptide (i. right 
paneO. A, D, and G constitute serial sections of a pancreatic cancer sample, 
revealing coexp/ession of the three Jd proteins. Scale bars. 25 >im. 



Cruz, CA) polyclonal antibodies were used lor immunhis- 
lochemistry. These affinity-purified rabbit polyclonal anti- 
bodies specifically react with ld-1 . Id-?, and ld-3, /espec- 
lively, of human origin, as determined by Western 
blotting. ParaHin-ernbedded sections (4 irrrt) were sub- 
jected to immunostaining using the streptavidin-peroxi- 
dase technique. Whete indicated, immunostaining lor ail 
three Id proteins was performed on serial sections. En- 



dogenous peroxidase activity was blocked by incubation 
for 30 minutes with 0.3% hydrogen peroxide in methanol. 
Tissue sections were incubated for 15 minutes (23°C) 
with 10% normal goat serum and then incubated for 16 
hours at 4°C with the indicated antibodies in PBS con- 
taining 1% bovine serum albumin. Bound antibodies 
were detected with biotinylated goat anti-rabbit IgG sec- 
ondary antibodies and streptavidin-peroxidase complex^ 
using diarnindbenzidine tetrahydrochtoride as the sub- 
strate. Sections were counterstained with Mayer's hema- 
toxylin. Preabsorption with ld-1-, ld-2-, or ld-3-specific 
blocking peptides completely abolished immunoreactiv- 
ity of the respective primary antibody. The immunohisto- 
chemical results were semiquantitatively analyzed as de- 
scribed previously. 29 ; 30 The percentage of positive 
cancer cells was stratified into four groups: 0, no cancer 
cells exhibiting immunoreactivity; 1 , <33% of the cancer 
cells exhibiting, immunoreactivity; 2, 33 to 67% of the 
cancer cells exhibiting immunoreactivity; 3 >67% of the 
cancer cells exhibiting immunoreactivity. The intensity of 
the immunohistochemical signal, was also stratified into 
four groups: 0, no immunoreactivity; 1 , weak immunore- 
activity; 2, moderate immunoreactivity; 3. strong immu- 
noreactivity. Finally, the sum of the results of the cell, 
score and the intensity score was calculated. Statistical 
analysis was performed with SigmaStat software. The 
rank sum test was used, and P < 0.05 was taken as the 
level of significance. 



Results . 

Northern blot analysis of total RNA isolated from 12 nor- 
mal pancreatic tissues and 16 pancreatic cancers re- 
vealed the presence ol the 1.2-kb ld-1 transcript and the 
1.6-kb Id2 mRNA transcript in 11 of the 12. normal pan- 
creatic samples, and the 1.3-kb ld-3 mRNA transcript in 
all normal pancreatic samples (Figure 1A. 2). In the can- 
cer tissues, ld-1 mRNA levels were elevated in 8 of 16 
samples, ld-2 mRNA levels were elevated in 9 of these 
samples, and ld-3 mRNA levels were elevated in 6 of 
these samples (Figure 1A, 2). Concomitant overexpres- 
sion of all three Id species was observed in 6 of the 
cancer samples (38%). In contrast, none of the Id mRNA 
species were overexpressed in CP by comparison with 
normal controls (Figure 1B, 2). Densitometry analysis of 
all of Ihe autoradiograms indicated that there was a 6.5- 
fold increase (P < 0.01) in ld-1 mRNA levels, a fivefold 
increase (P < 0.01) in ld-2 mRNA levels, and a twofold 
increase (P = 0.027) in ld-3 mRNA levels in the pancre- 
atic cancer samples in comparison to normal controls 
(Figure 2). In contrast, there was no statistically signifi- 
cant difference in the expression levels of ld-1, ld-2, and 
ld-3, in CP tissues in comparison to the corresponding 
levels in the normal pancreas (Figure 2). 

Next, we assessed the expression of Ihe three Id 
genes in 5 human pancreatic cancer celt lines by North- 
ern and Western blot analyses, ld-1 mRNA was present 
at varying levels in all 5 cell lines (Figure 3). ASPC-1, 
CAPAN-1. MIA-PaCa-2, and PANC-1 expressed moder- 
ate to high levels ol Id- 1 mRNA, whereas COLO- 357 celts 



Id Proteins in Pancreatic Diseases 819 
AJP September 1999, Vol. 755, So. 3 




Figure 5. Immunohistochemistry of pancreatic c:meer and dysplasiic ducts in CP tissues. In ihc pancreatic cancer tissues (A-C) there was moderate to strong ld-1 
(A), Id-2 (B), and Jd-3 (C) immunor eactivily \h the ductal cells in the areas adjacent io the cancer cells that exhibited CP-like alterations. Islet cells did not exhibit 
Id immune/reactivity (outlined by solid arrowheads). )n the CP samples, moderate to strong ld-1 (D), ld-2 (E), and Id-3 (F) immunoreactivity was present in the 
cytoplasm of epithelial cells forming large dysplastic ducts. Scale bar, 25 fim. 



expressed relatively low levels of this mRNA moiety. 
Western blotting wilh a highly specilic anti-ld-1 antibody 
confirmed the presence of the approximately 14-kd ld-1 
protein in the 4 ceil lines that expressed high levels of 
ld-1 mRNA (Figure 3). Furthermore, the three cell lines 
with the highest ld-1 mRNA expression (CAPAN-1, MIA- 
PaCa-2, and PANC-1) also exhibited Ihe highest ld-1 
protein expression. Variable levels of the 1.(>kb ld-2 
mRNA transcript were present in all 5 cell lines. In addi- 
tion, a minor band of approximately 1.2 kb was visible in 
COLO-357 and MIA-PaCa-2 cells. Irnmunoblot analysis 
with a highly specific anti-ld-2 antibody revealed two 
bands of approximately 16 and 18 kd at relatively high 
levels in all of the cell lines wilh exception or PANC-1 
cells, in which the 16-kd band was relatively faint (Figure 
.3). With the exception of MIA-PaCa-2 ceils, there was a 
good correlation between ld-2 mRNA and protein levels 
(Figure 3). Id-3 mRNA was present at high levels in 
MIA-PaCa-2 cells, at moderate levels in COLO-357 cells, 
and at low levels in PANC-1 cells. Id-3 rnRNA was not 
detectable in ASPC-1 and CAPAN-1 cells (Figure 3). 
Imrnunoblol analysis wilh a highly specilic anti-ld-3 anti- 
body revealed an approximately 14-kd band that was most 
abundant in MIA-PaCa-2 cells, and was also readily appar- 
ent in COLO-357 and PANC-1 cells. In contrast, only a faint 
Id-3 band was seen in ASPC-1 and CAPAN-1 cells. Thus, 
with the exception of PANC- 1 cells, there was a good cor- 
relation between Id- 3 mRNA and protein levels. 



To determine the localization of ld-1, ld-2, and Id-3, 
immunostaining was carried out using the same highly 
specilic anti-Id antibodies. In the pancreatic cancers, 
moderate to strong ld-1 immunoreactivity was present in 
the cancer cells in 9 of 10 -randomly selected cancer 
samples. An example of moderate ld-1 immunoreactivity 
is shown in Figure 4A, and of strong immunoreactivity in 
Figure 4C (left panel). In contrast, in the normal pancreas, 
faint ld : 1 immunoreactivity was present only in the ductal 
cells ol pancreatic ducts (Figure 4 B, arrowheads). Pre- 
absorption with the ld-1-specific blocking peptide com- 
pletely abolished the ld-1 immunoreactivity (Figure 4C, 
right panel). The cancer cells also exhibited strong ld-2 
(Figure 4, D and F. lelt panel) and moderate to strong Id-3 
immunoreactivity. An example of moderate Id-3 immuno- 
reactivity is shown in Figure 4G, and of strong immuno- 
reactivity in Figure 4| (left panel). In contrast, only faint 
ld-2 immunoreactivity was present in the ductal cells in 
the normal pancreas (Figure 4E), whereas Id-3 immuno- 
reactivily in these cells was more variable and ranged 
from moderate to occasionally strong (Figure 4H). Islet 
cells and acinar cells were always devoid ol Id immunore- 
activily. Preabsorption of the respective antibody with the 
blocking peptides specific lor ld-2 (Figure 4F, right panel) 
and Id-3 (Figure 4I. right panel) completely abolished im- 
munoreactivily. Analysis ol serial pancreatic cancer sec- 
lions revealed that there was otten colocatization ol the 
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Figure 6. Jnwmmohistochemistry of atypical papillary epithelium in CP tissues. Serial section analysis of some CP samples revealed ihe presence of large duct-like 
structures wiih atypical papillary epithelium. Mild to moderate Jd-J (A) and Id- 2 (B) tmrmmoreactivily and weak ld-3 (C) immunoreactiviry was present in the 
cytoplasm of the cells forming these btge ducts with papillary structures. Some CP samples also exhibited moderate ld-3 immunoreactivity in these cells (D>. Scale 
bar, 25 M 1 * 1 - 



three Id proteins. An example of serial sections from a 
pancreatic cancer tissue is shown in Figure 4. A; D t and G. 

ld-1, ld-2, and ld-3 immunoreactivity was also present 
at moderate levels in the cytoplasm of ductal cells within 
CP-like areas adjacent to the cancer cells (Figure 5, A-C). 
As in the normal pancreas, islet cells (outlined by arrow- 
heads) did not exhibit Id immunoreactivity. tn 4 of 9 CP 
samples, there were foci of ductal cell dysplasia of rela- 
tively large interlobular ducts, all of which exhibited mod- 
erate to strong ld-1, ld-2, and ld-3 immunoreactivity (Fig- 
ure 5, D-F). Five of 9 CP samples also contained foci of 
large ducts exhibiting atypical papillary epithelium. Serial 
section analysis of one of those CP samples revealed 
mild to moderate ld-1 and ld-2 immunoreactivity arid 
weak ld-3 immunoreactivity in the cells of these atypical . 
papillary ducts (Figure 6, A-C). In contrast, in some of 
these CP samples, moderate to strong ld-3 immunoreac- 
tivity was also observed (Figure 6D). However, most of 
the ductal cells forming the typical ductular structures of 
CP. such as large interlobular ducts and small proliferat- 
ing ducts, exhibited generally only weak to occasionally 
moderate Id immunoreactivity (dola not shown). 



The immunohislochemical dala for ld-1, ld-2, and ld-3 
are summarized in Table 1. In the case ot ld-1 and ld-2, 
the cancer ceils as welt as the dysplastic and atypical 
papillary ducts in CP exhibited a significantly higher 
score than the ductal cells in the normal pancreas. In 
contrast; due to the marked variability in ld-3 immuno- 
staining in the normal pancreas, the differences between 
normal and cancer cells and normal and dysplastic cells 
did not achieve statistical significance. 



Discussion 

Id proteins constitute a family of HLH transcription (actors 
that are important regulators of cellular differentiation and 
proliferation. 1 - 2 To dale, four members ot the human Id 
family have been identified. 1 - 10 " 12 Their expression is 
enhanced during cellular proliferation and in response to 
mitogenic stimuli, 19 - 31 and over expression of td genes 
inhibits differentiation and/or enhances proliferation in 
several different ceil types. l5 - 3? " 3 " "the forced expression 
ol ld-1 in mouse small intestinal epithelium results in 
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Table 1. Histological Scoring 









Id-t 


ld-2 


ld-3 


. Normal [n - 
Cancer (n = 
CP (n = 9) 


6) 
10) 


Ductal cells 
Cancer cells 

Typical CP lesions (n = 9) 
Dysplastic ducts [n = 4) 
Atypical papillary ducts [n - 5). 


2.0 ± 0.4 
4.5* ± 0.5 
. Z7 + 0.5 
5.3* ± 0.2 
4.4* ± 0.2 


2.3 ± 0.2 
5.2 s ±0.3 

3.1 ±0.6 
5.8* ± 0.2 
5.2* ± 0.2 


2.5 ± 0.9 
4.5 ± 0.6 
3.4 ± 0.7 
5.3 ± 0.4 
5.0 ±0.4 



Scoring of. the histological specimens was performed as described in the Patients and Methods section. Values are the means ± SO of the number 
of samples indicated in parenthesis. P values are based on comparisons with the respective controls in the normal samples. 
\P < 0.0£ f P.< 0.01; *P - 0.004; S P = 0.001. 



adenoma formation in these animals. 35 The growth-pro- malignant transformation ol human fibroblasts, 11 raising 
moting effects of Id genes are thought to occur through; the possibility that the enhanced Id expression in pan- 
several mechanisms. For example; ld-2 can bind to mem- creatic cancers together with increased expression of 
bers of the pRB tumor suppressor family, thus blocking anti-apoptotic genes may contribute to the malignant 
their growth-suppressing activity, 20 * 21 and ld-1 and ld-2 ' potential of pancreatic cancer cells in vivo. 

In the CP tissues there was no significant increase in 
ld-1, ld-2, and ld-3 mRNA levels in comparison to the 
normal pancreas. Immunohistochemical analysis of pan- 
creatic, cancer samples revealed colocalization of weak 
to moderate ld-1 ( ld-2, and ld-3 immunoreactivity in pro- 
liferating ductal cells in the CP-like regions adjacent to 
the cancer cells, indicating that Id expression was not 
reslricted to the cancer cells. Similarly, analysis ol CP 
samples indicated weak ld-1, ld-2, and ld-3 immunore- 
activity in the cells of small proliferating ducts and large 
ducts without dysplastic changes. In general, there was a 
correlation between weak immunoreactivity and low Id 
mRNA levels. However, in samples that harbored large 
ducts with papillary structures there was moderate Id 
immunoreactivity, and in the cells forming dysplastic 
ducts there was moderate to strong Id immunoreactivity. 
In these CP samples, Id mRNA levels were relatively 
higher than in the CP samples that were devoid of these 
histological changes. Overall, however, increased Id ex- 
pression, most notably of ld-1 and ld-2, distinguished a 
subgroup ol pancreatic cancers from CP (Table 1). 

Epidemiological studies have shown that the risk of 
developing pancreatic cancer is increased up to 16-fold 
in patients with pre-existing CP in comparison to the 
general population. 40 The mechanisms that contribute to 
neoplastic transformation in CP are not known. Although 
there is no established tumor progression model for pan- 
creatic cancer, such as the adenoma-carcinoma se- 
quence of colorectal carcinoma, 41 it is generally ac- 
cepted that K-ras and p16 mutations occur relatively 
early in pancreatic carcinogenesis, whereas p53 muta- 
tions occur late in this process. 37 - 41 " 43 Increased Id ex- 
pression may contribute to malignant transformation ol 
cultured cell lines in wfro 11 and has been linked to cell 
invasion in a murine mammary epithelial cell line. 44 In 
view of the current findings that ld-1, ld-2, and ld-3 are 
overexpressed in pancreatic cancer and in dysplastic/ 
metaplastic ducts in CP. these observations raise the 
possibility that elevated levels of ld-1. ld-2. and, to a 
lesser extent, ld-3 may represent relatively early markets 
of pancreatic malignant transformation and may contrib- 
ute to the pathobiology of pancreatic cancer. 



can antagonize the bHLH-mediated activation of known 
inhibitors of cell cycle progression such as the cyclii> 
dependent kinase inhibitor p2i. 23 

In the present study, we determined by Northern blot 
analysis that a significant percentage of human pancre- 
atic cancers expressed increased ld-1, ld-2. and ld-3 
mRNA levels. Increased expression was most evident for 
ld-1 (6.5-fold) and ld-2 (fivefold). In contrast, ld-3 mRNA 
levels were only twofold increased in the cancer samples, 
partly because this mRNA was present at relatively high 
levels in the normal pancreas. Immunhistochemicat anal- 
ysis confirmed the presence, of ld-1, ld-2, and ld-3 in the 
cancer cells within the tumor mass, whereas in the normal 
pancreas faint ld-1 and ld-2 immunoreactivity and mod- 
erate to occasionally strong ld-3 immunoreactivity was 
present in some ductal cells. Pancreatic acinar and islet 
cells in the normal pancreas were devoid of ld-1, ld-2. 
and Idr3 immunoreactivity. In the cancer samples, all 
three Id proteins often colocalized in the cancer cells. 
Coexpresston of all three Id genes was also observed in 
cultured pancreatic cancer cell lines, which often exhib- 
ited a close correlation between Id mRNA and protein 
expression. However, in MIA-PaCa-2 there was a diver- 
gence of ld-2 mRNA and protein levels, and in PANC-1 
cells, ld-3 mRNA levels did not correlate well with ld-3 
protein expression. These observations suggest that in 
these cells, the half-life of either Id mRNA or Id protein 
may be altered by comparison with the other cell lines. 
Interestingly, ld-2 tmmunoblotting revealed two closely 
spaced bands of approximately 16 and 18 kd in 4 of 5 
cell lines. In view ol the fact that two possible initiation 
codons have been reported lor the ld-2 gene, 36 our 
observation raises the possibility that the two ld-2-imrnu- 
noreactive bands may represent separate translation 
products ot the ld-2 gene. 

Pancreatic cancers often harbor p53 tumor suppressor 
gene mutations 37 and exhibit alterations in apoptosis 
pathways. Thus, these cancers often exhibit increased 
expression ol anti-apoptotic proteins such as Bcl-2 38 and 
abnormal resistance to Fas-ligand-mediated apopto- 
sis. 39 It has been shown recently that forced constitutive 
expression of Id genes together with the expression of 
anti-apoptotic genes such as Bcl-2 or BclX L can result in 
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Tightly regulated and inducible expression of a yoked hormone-receptor 
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complex in HEK 293 cells. 
Median TP , jPuettD, Naravan P 
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We have previously reported the construction of a constitutive^ active luteinizing 

exTSSl y T^r" Hnkin8 3 ^ hCter0dimeric to e * 

compS mm* 2 ? Pr0t - n - C , OU P ,ed -ceptor. This yoked hormone-receptor 

wmpiex ( yhk) was (ound to produce 1 eh levrk n<VAi\/TD : a. L 
honnone. Stable lines exnressL yhb 1 of cAMP ln the absence of exogenous 

with different llmZZe^^ ,n HEK 293 <* lls to obt «" «nes 

^ ^ a re,ative,y short time of continued passage 

it was tound that YHR expression was greatly reduced. Herein we describe the 
development of clonal lines of HFK" ?Q1 ™iio ; u i_ . L aescnoe the 
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c-fos and estrogen receptor gene expression pattern in the rat uterine 
epithelium during the cstrous cycle. 

■ ^"'"^^ Sr* McrChant Lari ^ Segura-ValdexMT. Moreno- 

Facultad de Quimica, Universidad Nacional Autonoma de Mexico, Ciudad Universitaria 
Coyoacan 04510, Mexico, D.F., Mexico, universitaria, 

Different studies in ovariectomized estrogen treated animals support the idea that c-fos 
plays a role m the proliferation of uterine epithelial cells. However, these studies invite us 
to reassess the role played by c-fos in epithelial cell types of the endometrirSg Se 

fT ™ e PrCSent Study Was to determine the e-fos and estrogen 

receptor (ER) gene expression pattern in the rat uterine epithelium during the estrous 
cycle in whrch i^atural and cyclic changes of steroid hormones occur, and correlate these 

^T^ 1 * Pr0l f rati ° n StatUS ° f tWs odhte Proliferation was assist 
during the estrous cycle using bromodeoxyuridine incorporation to DNA. ERalpha and 
beta proteins were assessed by immunohistochemistry. The regulation of c-fos gene 

bofhTA" h I H Ut T ° f in , t3Ct 3111111315 dudng c y c,e was evaluated using 

both n situ hybndization and immunohistochemistry. Estradiol (E(2)) and progesterone 

le ! d f w f f asse **<* ^ radioimmunoassay. The refute indicated that 
mSSl (L ^ 6 f l ^ lar e P ithe "'* (GE) presented maximal proliferation during the 
metestrus (M) and the diestrus (D) days. However, during the proestrus (P) day only LE 
presented proliferation, and during the estrus (E) day only the Lmal cells prTlSti 
A marked immunostaining for ERalpha was detected in both LE and GE cells during the 

uS£H? dimiUished ° n ^ P «* ** E da * In con ^ ERZwas 

undetectable ,n both epithelia during all stages of the cycle/The highest c-fos riiRNA 

level was detected m both epithelia on the M day, followed by a significant reduction 

dunng the other days of the cycle. The highest protein content was observed on the M 

and D days, and the minimal value was detected on the E day. The c-Fos protein level in 

LE was increased during M and D days, presenting a high correlation with the cellular 

pro iferation pattern of this cell type. In conclusion, the overall results indicate that c-Fos 

LT'r^H 3 8 °° d C0rTe,ati0n with uterine epithelial cell proliferation of LE. In the 
case of GE, the same tendency was observed, although no significant correlation was 
found Both in LE and GE, c-fos mRNA did not strictly correlate with its protein revels 
c-ros seems to have a postranscriptional regulation in uterine epithelial cells during the 
rat sestrous.cycle.. Copyright 2003 Wiley-Liss, Inc. 
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(3HJMK-801 binding and the mRNA for the NMDARl subunit of the 
NMDA receptor are differentially distributed in human and rat forebrain. 

MeoniP, Mugnaini M Bunnemann BH . Trist DG , Bowery NG . 

Department of Pharmacology, Medical School, University of Birmingham, UfC. 
meonip@novell5.bham.ac.uk 

The distributions of [3H]MK-801 binding and the NMDA NR1 subunit mRNA were 
studied using receptor autoradiography and in-situ hybridization in rat and human brain 
whole-hemisphere coronal sections. Receptor protein detected by radioligand 
autoradiography and the mRNA for the key subunit of the receptor presented similar 
distributions in the forebrain, with a few areas showing an imbalance between the levels 
of mRNA and receptor protein. Human frontal cortex showed a relative abundance of 
NMDAR1 mRNA as compared to [3HJMK1-801 binding. The same area in rat brain did 
not show any difference in the two distributions. In comparison, the rat claustrum 
presented a relative excess of NMDARl mRNA which was not detected in human 
sections. Human caudate nucleus exhibited relatively high levels of [3HJMK-801 binding 
that were unmatched in rat caudate. The hippocampi of either species presented similar 
levels of [3HJMK-801 binding and NMDARl mRNA, but when the two signals were 
measured in specific subfields of the hippocampal formation, the differential distribution 
of the two signals reflected the anatomy of hippocampal connections assuming a 
preferential dendritic distribution for MK-801 binding: Interestingly, rat and human 
hippocampi also showed some important species-dependent difference in the relative 
distribution of the receptor protein and mRNA. The data presented show an overall good 
correlation between the mRNA for the key subunit of the NMDA receptor and the 
functional receptor detected with radioligand binding and highlight the presence of local 
differences in their ratio. This may reflect different splicing of the mRNA for the 
NMDARl subunit in specific brain areas of rat and human. The species-dependent 
differences in the relative distribution of the mRNA for the key subunit of the NMDA 
receptor and that of a marker of functional receptors also highlights important differences 
in the NMDA function in rat and human brain. 
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Abstract 

Translation initiation is regulated m response to 
nutrient availability and mitogenic stimulation and is ■ 
coupled with cell cycle progression and cell growth. 
Several alterations in translations! control occur in 
cancer. Variant mRNA sequences can alter the 
translations) efficiency of individual mRNA molecules, 
which in turn play a role in cancer biology. Changes in' 
• the expression or availability of components of the 
translations! machinery and in the activation of 
translation through signal transduction pathways can 
Ie3d to more global changes, such as an increase in 
the overall rate of protein synthesis and translations! 
activation of the mRNA molecules involved in cell 
growth and proliferation. We review the basic 
principles of transtational control; the alterations 
encountered in cancer, and selected therapies 
targeting translation initiation to help elucidate new 
therapeutic avenues. - 

Introduction 

The fundamental principle of molecular therapeutics in can- 
cer is to exploit the differences in gene expression between 
cancer cells and normal cells. With the advent of cDNA array 
technology, most efforts have concentrated on identifying 
differences in gene expression at the level of mRNA, which 
can be attributable either to DNA amplification or to differ- 
ences in transcription. Gene expression is quite complicated, 
however, and is also regulated at the level ol mRNA stability, 
mRNA translation, and protein stability. 

The power of transtational regulation has been best recog- 
nized among developmental biologists^ because transcription 
does not occur in early embryogenesis in eukaryotes. For ex- 
ample, in Xenopus, the period of transcriptional quiescence 
continues until the embryo reaches midbfastula transition, the 
4000-cell stage. Therefore, all necessary mRNA molecules are 
transcribed during oogenesis and stockpiled in a translationally 
inactive, masked form. The mRNA are transtationalry activated 
at appropriate times during oocyte maturation, fertilization, and 
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eariy embryogenesis and thus, are under strict transitional 
control. 

Translation has an established role in cell growth. Basi- 
cally, an increase in protein synthesis occurs as a conse- 
quence of mitogenesis. Until recently, however, little was 
known about the alterations In mRNA translation in cancer, 
and much is yet to be discovered about their role in the 
development and progression of cancer. Here we review the 
basic principles of translation^ control, the alterations en- 
countered in cancer, arid selected therapies targetfog transla- . 
tron initiation to elucidate potential new therapeutic avenues. 

Baste Principles of Transtational Control 
Mechanism of Translation initiation 
Translation wtiation is the main step in translational regulation. 
Translation initiation is a complex process in which the initiator 
tRNA and the 40S and 60S rtoosoma) subunits are recruited to 
the 5* end of a mRNA molecule and assembled by eukaryotic 
translation initiation factors into an SOS ribosome at the start 
codon of the mRNA {Rg. 1). The 5' end of eukaryotic mRNA is 
capped, i.e., contains the cap structure m 7 GpppN (7-rnethyt- 
guanc^irm-tr^hosplTo-5'Hibonuc leoside). Most translation in 
eukaryotes occurs in a cap-dependent fashion, i.e., the cap is 
specifically recognized by the eIF4E, 3 which binds the 5' cap. 
The elF4F translation initiation complex is then formed by the 
assembly of elF4E,the RNA helicase elF4A, and eIF4G, a 
scaffolding protein that mediates the binding of the 4 OS ribo- 
sorhal subunit to the mRNA molecule through interaction with 
the elF3 protein present on the 4 OS ribosome. eIF4A and elF4B 
participate in melting the secondary structure of the 5' UTR of 
the mRNA The 43S initiation complex (40S/elF2/Met-tRN/V 
GTP complex) scans the mRNA in a 5'~»3' direction until it 
encounters an AUG start codon. This start codon is then base- 
paired to the anticodort of initiator tRNA, forming the 48S initi- 
ation complex. The initiation factors are then displaced from the 
48S complex, and the 60S. ribosome joins to form the 80S 
ribosome. 

Unlike most eukaryotic translation, translation initiation of 
certain mRNAs, such as the picomavirus RNA, is cap inde- 
pendent and occurs by internal ribosome entry. This mecha- 
nism does not require elF4E Either the 43S complex can bind 
the initiation codon directly through interaction with the IRES in 
the 5' UTR such as in the encephalorrryocarditis virus, or it can 



The abrjrevbtions used are: etF4E eukaryotic into ton factor At; UTR, 
untranslated region; IRES, interna* ribosome entry site; 4E-BP1. eukaryotic 
initiation racier 4E-binding protein 1; S6K. ribosomal p70 S6 kinase; mTOR, 
mammalian target ol raoamycirr. ATM. ataxia telangiectasia mutated; PT3K, 
phospnatidylrasilol 3- kinase; PTEN. phosphatase and tensin homolog de- 
leted from CfwomOSOme 10. PP2A. protein phosphatase 2A; 7GF-03 *ans- 
torming growth factor-p3; PAP, porytA) polymerase; EPA. eicosopen^encic 
acid; mds-7, melanoma dirtereirtialieo-associated gene 7. 
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Ftg. 7. Translation initiation in eukaryotes. The 4E-BPs are byperphos- 
pnorytated to release etF4E so thai it can interact with the 5' cap, and the 
elF4F initiation complex is assembled. The interaction ol poly(A) binding 
protein with the initiation complex and circularization ol the mRNA is not 
depicted in the diagram. The secondary struct me ol the 5* UTH is melted, 
the 40S ribosomal subunit is bound to efF3„ and the ternary complex 
consisting ol eJF2, GXP. and the Met-tRNA are recruited to the mRNA. The 
ribosome scans the mRNA in a 5'->3' direction until an AUG start codon 
fe found in the appropriate sequence context The initiation factors are 
released, and the large hbosornal subunit is recruited. 



initiaffy attach to the IRES and then reach the initiation codon by 
scanning or transfer, as is the case wilh the poliovirus (t). 

Regulation of Translation Initiation 
Translation initiation can be regulated by alterations tn the 
expression or phosphorylation status of the various factors 
involved. Key components in translational regulation that 
may provide potential therapeutic targets follow. 

elF4E. e(F4E plays a central role in translation regulation. 
It is the least abundant of the initiation factors and is con- 
sidered the rate- limiting component for initiation of cap- 
dependent translation. e!F4E may also be involved in mRNA 
splicing, mRNA 3' "processing, and mRNA nucleocytoplas- 
rnic transport (2). elF4E expression can be increased at the 
transcriptional level in response to serum or growth factors 
(3). elF4E overexpression may cause preferential translation 
of mRNAs containing excessive secondary structure in their 
5* UTR that are normally discriminated against by the trans- 



lational machinery and thus are inefficiently translated (4-7% 
As examples of this, overexpression of eIF4E promotes in- 
creased translation of vascular endothelial growth factor, 
fibroblast growth factor-2, and eyefin D1 (2. 8, 9). 

Another mechanism of control is the regulation ol elF4E 
phosphorylation. elF4E phosphorylation is mediated by the 
mitogen- activated protein kinase- interacting kinase 1 , which 
is activated by the mitogen-activated pathway, activating 
extracellular signai- related kinases and the stress-activated 
pathway acting through p38 mitogen-activated protein ki- 
nase (10-13). Several mitogens, such as serum, platelet- 
derived growth factor, epidermal growth factor, insulin, 
angiotensin II, sre kinase overexpression, and ras over- 
expression, lead to elF4E phosphorylation {14). The phos- 
phorylation status of elF4E is usually correlated with the 
translational rale and growth status of the cell; however, 
elF4E phosphorylation has also been observed In response 
to some cellular stresses when translational rates actually 
decrease (15). Thus, further study is needed to understand 
the effects of e)F4E phosphorylation on e!F4E activity. 

Another mechanism of regulation is the alteration of elF4E 
availability by the binding of elF4E to the elF4E-binding pro- 
teins (4E-BP, also known as PHAS-I). 4E-BPs compete with 
elF4G for a binding site in elF4E. The binding of elF4E to the 
best characterized elF4E-blrxfing protein, 4E-BP1, is regur 
lated by 4E-BP1 phosphorylation. Hypophosphorylated 4E- 
BP1 binds to elF4E, whereas 4E-BP1 hyperphosphorylation 
decreases this binding. Insulin, angiotensin, epidermal 
growth factor, platelet-derived growth factor, hepatocyte 
growth factor, nerve growth factor, insulin-like growth factors 
I and II, tnterleukln 3, granulocyte-macrophage colony-stim- 
ulating factor + steel factor, gastrin, and the adenovirus have 
all been reported to induce phosphorylation of 4E-BP1 and 
to. decrease the ability of 4E-BP1 to bind elF4E {15, 16). 
Conversely, deprivation of nutrients or growth factors results- 
in 4E-BP1 dephosphorylation, an increase in elF4E binding, 
and a decrease in cap-dependent translation. 

p70 S6 Kinase. Phosphorylation of ribosomal 40S protein 
S6 by S6K is thought to play an important role in translational 
regulation. S6K -/- mouse embryonic cells proliferate more 
slowly than do parental cells, demonstrating that S6K has a 
positive influence on cell proliferation (17). S6K regulates the 
translation of a group of mRNAs possessing a 5' terminal 
ortgopyrimjdine tract (5' TOP) found at the 5' UTR of ribosomal 
protein mRNAs and other mRNAs coding for components of 
the translatronal machinery. Phosrjrraylation of S6K is regu- 
lated in part based on the avaflabifity of nutrients (1 8, 19) and rs 
stimulated by several growth factors, such as platelet-derived 
growth factor and insulin-like growth factor I (20). , 
e)F2a Phosphorylation. The binding of the initiator tRNA 
to the small ribosomal unit is mediated by translation initia- 
tion factor elF2. Phosphorylation of the o-subunit of e)F2 
prevents formation of the elF2/GTP/Met-tRNA complex and 
inhibits global protein synthesis (21, 22). elF2o is phospho- 
rytated under a variety of conditions, such as viral infection, 
nutrient deprivation, heme deprivation, and apoptosis (22). 
etF2o is phosphory rated by heme-regulated inhibitor, nutrient- 
regulated protein kinase, and the IFN^nduced. double- 
stranded RNA-activated protein kinase (PKR; Ref. 23). 
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The mTOR Signaling Pathway. The macrolide antibiotic 
rapamycin (SiraUmus; Wyeth-Ayerst Research, CollegeviJIe, 
PA) has been the subject of intensive study because it in- 
hibits signal transduction pathways involved in T-ceH activa- 
tion. The rapamycin-sensithre component of these pathways 
is mTOR (also called FRAP or RATH). mTOR is the mam- 
malian homologue of the yeast TOR proteins that regulate G, 
progression and translation in response to nutrient avaflabif- 
ity (24). mTOR is a serine- threonine kinase that modulates 
translation initiation by altering the phosphorylation status of 
4E r BP1 and S6K (Fig. 2; Ref. 25). 

4E-BP1 is pbosphorylated on multiple residues. mTOR phos- 
phorylates the "fhr-37 and Thr-46 residues of 4E-BP1 in vitro 
(2Q; however, phosphorylation at these sites is not associated 
with a loss of dF4E binding. Rrosphorytation of Thr-37 and 
Thr-46 is required for subsequent phosphorylation at several 
COOM- terminal, serum-sensitive sites; a combination of these 
phosphorylation events appears to be needed to inhibit the 
binolng of 4E-BP1 to eIF4E (25). The product of the ATM gene, 
P38/MSK1 pathway, and protein kinase Co also play a rote in 
4E-BP1 phosphorylatjon (27-29). 

S6K and 4E-BP1 are also regulated, m part, by PJ3K and its 
downstream protein kinase Akt PTEN is a phosphatase that 
negatively regulates PGK signaling. PTEN null cells have 
constitutivery active of Akt, with increased S6K activity and 
S6 phosphorylation (30). S6K activity is inhibited both by 
PJ3K inhibitors wortmannin and LY294002 and by mTOR 
inhibitor rapamycin (24). Akt phosphorylates Ser-2448 in 
mTOR in vitro, and this site is pbosphorylated upon Akt 
activation in vivo (31-33). Thus, mTOR is regulated by the 
PI3K/Akt pathway; however, this does not appear to be the 
only mode of regulation of mTOR activity. Whether the PI3K 
pathway also regulates S6K and 4E-BP1 phosphorylation 
independent of mTOR is controversial 

Interestingly, mTOR autophospborylation is blocked by wort- 
mannin but not by rapamycin (34). This seeming inconsistency 
suggests that mTOR-responsive regulation of 4E-BP1 and S6K 
activity occurs through a mechanism other than intrinsic mTOR 
kinase activity. An alternate pathway tor 4E BP1 and S6K pbos- 
phorylation by mTOR activity is by the inhibition of a phospha- 
tase. Treatment with cafycufin A an inhibitor of phosphatases 1 
and 2A, reduces raparrryrin-inefcjeed dephosphoryfation of 4E- 
7BP1 and S6K by rapamycin (35). PP2A interacts with full-length 
S6K but not with a S6K mutant that is resistant to dephospho- 
rylation resulting from rapamycin. mTOR phosphorylates PP2A 
in vitro; however, how this process alters PP2A activity is not 
known. These results are consistent with the model that phos- 
phorylation of a phosphatase by mTOR prevents dephospho- 
rylation of 4E-BP1 and S6K, and conversely, that nutrient dep- 
rivation and rapamycin block inhibition of the phosphatase by 
mTOR. 7 

Potyadenytation. The poty(A) tail in eukaryotic mRNA is 
important in enhancing translation initiation and mRNA sta- 
bility. Pofyadenylation plays a key role in regulating gene 
expression during oogenesis and early embryogenesis. 
Some mRNA that are translation^ inactive in the oocyte are 
poryodenytated concomitantly with translation^ activation in 
oocyte maturation, whereas other mRNAs that are transla- 
tionalry active during oogenesis are deadenytated and trans- 
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lationally silenced (36-38). Thus, control of potyA) tail syn- 
thesis is an important regulatory step in gene expression. 
The 5' cap and pory(A) tail are thought to (unction synergis- 
ticairy to regulate mRNA translational etticiency (39, 40). 

RNA Packaging. Most RNA-binding proteins are' assem- 
bled on a transcript at the time of transcription, thus deter- 
mining the transitional fate of the transcript (41). A highly 
conserved family of Y-box proteins is found in cytoplasmic 
messenger ribonucleoprotein particles, where the proteins 
are thought to play a role in restricting the recruitment of 
mRNA to the translational machinery (41-43). The major 
mRNA-associated protein, YB-1, destabilizes the interaction 
of elF4E and the 5' mRNA cap in vitro, and overexpression of 
YB-1 results in translational repression in vivo (44). Thus, 
alterations in RNA packaging can also play an important role 
in translational regulation. 

Translation Alterations Encountered in Cancer 
Three main alterations at the translational level occur in cancer 
variations in mRNA sequences that increase or decrease trans- 
lational efficiency, changes in the expression or availability of 
components of the translate machinery, and activation ot 
translation through aberrantly activated signal transduction 
pathways. The first alteration affects the translation of an indi- 
vidual mRNA that may play a role in carcinogenesis. The sec- 
ond and third alterations can lead to more global changes, such 
as an increase in the overall rate ol prolein synthesis, and the 
translational activation of several mRNA species. 

Variations in mRNA Sequence 

Variations in mRNA sequence affect the translational effi- 
ciency of the transcript. A brief description ol these variations 
and examples of each mechanism follow. 

Mutotions. Mutations in the rnRNA sequence, especially 
m the 5' UTR, can aller its translational efficiency, as seen in 
the following examples. 
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c-myc Sarto et af. proposed that translation of full-length 
c-myc fs repressed, whereas in several Burkitt lymphomas 
that have deletions of the mRNA 5' UTR, translation of c-myc 
is more efficient (45). More recently, it was reported that the 
5' UTR of c-myc contains an IRES, and thus c-myc transla- 
tion can be initiated by a cap-hdependent as welt as a 
cap-dependent mechanism (46, 47). In patients with multiple 
myeloma, a C-»T mutation in the c-myc IRES was identified 
(48) and found to cause an enhanced initiation of translation 
via internal ribosomal entry (49). 

BRCA1. A somatic point mutation (117 G-*C) in position 
-3 with respect to the start codon of the BRCA1 gene was 
identified in a highly aggressfve sporadic breast cancer (50). 
Chimeric constructs consisting of the wild-type or mutated, 
BROW 5' UTR and a downstream luciferase reporter dem- 
onstrated a decrease in the translational efficiency with the 5' 
UTR mutation. 

. Cyclin-dependent Kinase Inhibitor 2A. Some inherited 
melanoma kindreds have a G->T transversion at base -34 
of cycJin-dependent kinase inhibitor-2A, which encodes a 
cyclin-dependent kinase 4/cyclin-dependent kinase 6 kinase 
inhibitor important in G t checkpoint regulation (51). This, 
mutation gives rise to a novel AUG translation initiation 
codon, creating an upstream open reading frame that com- 
petes for scanning ribosomes and decreases translation 
from the wild-type AUG. 

Alternate Splicing and Alternate Transcription Start 
Sites. Alterations in spffcing and alternate transcription sites 
can lead to variations in 5' UTR sequence, length, and second- 
ary structure, ultimately impacting translational efficiency. 

ATM. The ATM gene has four noncoding exons in its 5' 
UTR that undergo extensive alternative splicing (52) The 
contents of . 12 different 5' UTRs that show considerable 
diversity in length and sequence have been identified. These 
divergent 5' leader sequences play an important role in the 
translational regulation of the ATM gene. 

mdm. In a subset of tumors, overexpression of the onco- 
protein mdm2 results in enhanced translation of the mdm2 
mRNA. Use of different promoters leads to two mdm2 tran- 
scripts that differ only in their 5' leaders (53). The longer 5' 
UTR contains two upstream open reading frames, and this 
mRNA is loaded with ribosomes inefficiently compared with 
the short 5' UTR. 

BRCA1. In a normal mammary gland, DRCA1 mRNA is 
expressed with a shorter leader sequence (5'LTTRa), whereas 
tn sporadic breast cancer tissue; BRCA1 mRNA is expressed 
w.th.a longer leader sequence (5' UTRb); the translational 
efficiency of transcripts containing 5' UTRb is 10 times lower 
than that of transcripts containing 5* UTRa (54). 

TGF-fiX TGF-&3 mRNA includes a 1.1-kb 5' UTR, which 

exerts an inhibitory effect on translation. Many human breast 
cancer cell lines contain a novel TGF-03 transcript with a 5' 

and has a 7- fold greater 
translation^ efficiency than, the normal 7GF-p3 mRNA (55). 

Alternate Poryadenylotion Sites. Multiple poryadenyl- 
ation signals leading to the generation ol several transcripts 
w,th d.ftering 3' UTR have been described tor several mRNA 
species, such as the RET proto-oncogene (56). ATM gene 
(52), tissue inhibitor of metalloproleinases-3 (57), RHOA 



proto-oncogene (58), and calmodulin- 1 (59). Although the 
effect of these alternate 3' UTRs on translation is not yet 
known, they may be important in RNA-protein interactions 
that affect translational recruitment. The role of these alter- 
ations in cancer development and progression is unknown. 

> 

Alterations in the Components of the 
Translation Machinery 

Alterations in the components of translation machinery can 
take many forms. 

Overexpresssion of elF4E. Overexpression of eTF4E 
causes malignant transformation in rodent cells (60) and the 
deregulation of HeLa cell growth (61). Polunovsky ef at. (62) 
found that elF4E overexpression substitutes for serum and 
individual growth factors in preserving viability of fibroblasts, 
which suggests that elF4E can mediate both proliferative and 
survival signaling. 

Elevated levels of eIF4E mRNA have been found tn a broad 
spectrum of transformed cell Dnes (63). elF4E levels are 
elevated m alt ductal carcinoma in situ specimens and inva- 
sive ductal carcinomas, compared with benign breast spec- 
imens evaluated with Western blot analysis (64, 65). Prelim- 
inary studies suggest that this overexpression is attributable 
to gene amplification (66). 

There are accumulating data suggesting that elF4E overex- 
pression can be valuable as a prognostic marker. elF4E over- 
expression was found in a retrospective study to be a marker of 
poor prognosis in stages I to HI breast carcinoma (67). Verifica- 
tion of the prognostic value of e(F4E in breast cancer is now ' 
under way in a prospective trial (67). However, in a different 
study, elF4E expression was correlated with the aggressive 
behavior of non-Hodgkin's lymphomas (68). In a prospective 
analysis of patients with head and neck cancer, elevated levels 
of elF4E in histologically tumor-free surgical margins predicted 
a significantly increased risk of local-regional recurrence (9). 
These results all suggest tbatelF4E overexpression can be 
used to select patients who might benefit from more aggressive 
systemic therapy. Furthermore, the head and neck cancer data 
suggest that eIF4E overexpression is a field defect and can be 
used to guide local therapy. 

Alterations in Other Initiation Factors. Alterations in a 
number of other initiation factors have been associated with 
cancer. Overproduction of elF4G, similar to elF4E, leads to 
malignant transformation in vitro (69). elF-2a is found in 
increased levels in or onchiotoalveolar carcinomas ol the lung 
(3). Initiation factor elF-4A1 is overexpressed in melanoma 
(70) and hepatocellular carcinoma (71). The p40 subunit of 
translation initiation (actor 3 is amplified and overexpressed 
in breast and prostate cancer (72), and the elF3-p1 1 0 subunit 
is overexpressed in testicular seminoma (73). The role that 
overexpression of these initiation factors plays on the devel- 
opment and progression of cancer, if any, is not known. 

Overexpression of S6K. S6K is amplified and highly 
overexpressed in the MCF7 breast cancer cell fine, com- 
pared with normal mammary epithelium (74). In a study by 
Barlund ef a/. (74), S6K was amplified in 59 ol 668 primary 
breast tumors, and a statisticalty significant association was 
observed between amplification and poor prognosis. 
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Overexpression of PAP. PAP catalyzes 3' poly (A) syn- 
thesis. PAP is overexpressed in human cancer ceils com- 
pared with normal and viralry transformed cells (75). PAP 
enzymatic activity in breast tumors has been correlated with 
PAP protein levels (76) and, in mammary tumor cytosote, was 
found to be an independent factor for predicting survival (76). 
Little is known, however, about how PAP expression or ac- 
tivity affects the translational profile. 

Alterations in RNA : binding Proteins. Even less is known 
about alterations in RNA packaging in cancer. Increased ex- 
pression and nuclear localization of the RNA-binding protein 
YB-1 are indicators of a poor prognosis for breast cancer (77), 
non-small cell lung cancer (78), and ovarian cancer (79). How- 
ever, this effect may be mediated at least in part at the level of 
transcription; because YB-1 increases chemoresistance by en- 
hancing the transcription of a multidrug resistance gene (80). 

Activation of Signal transduction Pathways 
Activation of signal transduction pathways by loss of tumor 
suppressor genes or over expression of certain tyrosine kinases 
can contribute to the growth and aggressiveness of tumors. An 
important mutant in human cancers is the tumor suppressor 
gene PTEN, which leads to the activation of the Pt3K/Akt path- 
way. Activation of PI3K and Akt induces the oncogenic trans- . 
formation of chicken embryo fibroblasts. The transformed cells 
show constitutive phosphorylation of S6K and of 4E-BP1 (81). 
A mutant Akt that retains kinase activity but does not phos- 
phorylate S6K or 4E-BP1 does not transform fibroblasts, which 
suggests a correlation between the oncogenicity of PK3K and 
Akt and the phosphorylation of S6K and 4E-BP1 (81). 

Several tyrosine kinases such as platelet-derived growth 
factor, insulin-like growth factor, HER2/neu, and epidermal 
growth factor receptor are overexpressed in cancer. Be- 
cause these kinases activate downstream signal transduc- 
tion pathways known to alter translation initiation, activation 
of translation is likely to contribute to the growth and aggres- 
siveness of these tumors. Furthermore, the mRNA for many 
of these kinases themselves are under translational control. 
For example, HER2/neu mRNA is transJationaJly controlled 
both by a short upstream open reading frame that represses 
HER2/neu translation in a cell type- independent manner and 
by a distinct cell type-dependent mechanism that increases 
translational efficiency (82). HER2/neu translation is different 
in transformed and normal cells. Thus, it is possible that 
alterations at the translational level can. in part account for 
the discrepancy between HER2/neu gene amplification de- 
- tected by fluorescence in situ hybridization and protein levels 
detected by immunohistochemical assays. 

Translation Targets of Selected Cancer Therapy 
Components of the translation machinery and signal path- 
ways involved in the activation of translation initiation repre- 
sent good targets for cancer therapy. 

Targeting the mTOR Signaling Pathway: Rapamycin 
and Tumstatin 

Rapamycin inhibits the proliferation of lymphocytes- It was 
initially developed as an immunosuppressive drug for organ 



transplantation. Rapamycin with FKBP 12 (FK506-binding 
protein, M f 12,000) binds to mTOR to inhibit its function. 

Rapamycin causes a small but significant reduction in the 
Initiation rate of protein synthesis (83). It blocks cell growth in 
part by blocking S6 phosphorylation and selectively sup- ' 
pressing the translation of 5' TOP mRNAs, such as ribosomal 
proteins, and elongation factors (83-85). Rapamycin also 
blocks 4E-BP1 phosphorylation and inhibits cap-dependent 
but not cap-independent translation (17, 86). 

The raparrrycnvserrsifive signal transduction pathway, acti- 
vated during malignant transformation and cancer progression, 
is now being studied as a target for cancer therapy (87). Pros- 
tate, breast, small cell lung, gjiobtastorna, melariorna, and T-cell 
leukemia are among the cancer fines most sensitive to the 
rapamycin analogue CCl-779 (Wyeth-Ayerst Research; Ref. 
87). In rriabdomycosarcoma cefl fines, rapamycin is either cyto- 
static or cytotidat, depending on the p53 status of the celt p53 
wild-type cells treated with rapamycin arrest in the G, phase 
and maintain their viability, whereas p53 mutant cells accumu- 
late in G, and undergo apoplosts (88, 89). In a recently reported 
study using human primitive neuroectodermal tumor and 
medullobtastoma models, rapamycin exhibited more cytotox- 
icity in combination with tisptatin and camptothedn than as a 
single agent tn vivo, CCl-779 delayed growth of xenografts by 
1 60% after 1 week of therapy and 240% after 2 weeks. A single 
high-dose administration caused a 37% decrease in tumor 
volume. Growth inhibition in vivo was 1.3 times greater, with 
cispiatin in combination with CCl-779 than with cispiatin alone 

(90) . Thus, preclinical studies suggest that rapamycin ana- 
logues are useful as single agents and in combination with 
chemotherapy. 

Rapamycin analogues CCl-779 and RAD001 (Novartis, 
Basel, Switzerland) are now in clinical trials. Because of the 
known effect of rapamycin on lymphocyte proliferation, a 
potential problem with rapamycin analogues is immunosup- 
pression. However, although prolonged immunosuppression 
can result from rapamycin and CCl-779 administered on 
continuous-dose schedules, the immunosuppressive effects 
of rapamycin analogues resolve in —24 h after therapy 

(91) . The principal toxicities of CCl-779 have included der- 
mato)ogtcal toxicity, myelosuppression, infection, mucositis, 
diarrhea, reversible elevations in Over function tests, hyper : 
gtycemia, hypokalemia, hypocalcemia, and depression (87. 
92-94). Phase II trials of CCl-779 have been conducted in 
advanced renal cell carcinoma and in stage Hl/lV breast 
■carcinoma patients who failed with prior chemotherapy, fn 
the results reported in abstract form, although there were no 
complete responses, partial responses were documented in 
both renal cell carcinoma and in breast carcinoma (94, 95). 
Thus, CCl-779 has documented preliminary clinical activity in 
a previously treated, unselected patient population. 

Active investigation is under way into patient selection for 
mTOR inhibitors. Several studies have found an enhanced 
efficacy of CCl-779 in PTEN-null tumors (30, 96). Another 
study found thai six of eight breast cancer cell lines were 
responsive to CCl-779, although only two of these lines 
lacked PTEN (97) There was. howevei, a positive correlation 
between Akt activation and CCl-779 sensitivity (97). This 
correlation suggests that activation of the PI3K-AW pathway. 
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regardless of whether it is attributable to a FT EN mutation or 
to over expression of receptor tyrosine kinases, makes can- 
cer cell amenable to mTOR-directed therapy, tn contrast, 
lower levels of the target of mTOR, 4E-BP1, are associated 
with rapamycin resistance; thus, a lower 4E-BP1/elF4E ratio 
may predict rapamycin resistance (98). 

Another mode of activity for rapamycin and its analogues 
appears to be through inhibition of angiogenesis. This activ- 
ity may be both through direct inhibition of endothelial celt 
proliferation as a result of mTOR inhibition in these cells or by 
inhibition of translation of such proangjogenic factors as 
vascular endothelial growth factor in tumor celts (99, 100). 

The angipgenesis inhibitor tumstatin, another anticancer 
drug currently under study* was also found recently to inhibit 
translation in endothelial cells (101). Through a requisite in- 
teraction with integrin, tumstatin inhibits activation of the 
P13K/Akt pathway and mTOR in endothelial cells and pre- 
vents dissociation of elF4E from 4E-BP1, thereby inhibiting 
cap-dependent translation. These findings suggest that en- 
dothelial cells are especially sensitive to therapies targeting 
the mTOR-signaling pathway. 



ment also reduces the expression of angiogenic factors (115) 
and has been proposed as a potential adjuvant therapy for head 
and neck cancers, particularly when elevated eiF4E is found in 
surgical margins. Small molecule inhibitors that bind the elF46/ 
4E-BP1^imiing domain of elF4E are proapoptotic (HQ and 
are also being actively pursued. 

Exploiting Selective Translation for Gene Therapy 
A different therapeutic approach that takes advantage of the 
enhanced cap-dependent translation in cancer cells is the use 
of gene therapy vectors ertcoding suicide genes with highly 
structured 5' UTR These mRNA would thus be at a competitive 
disadvantage tn normal ceils and not translate well, whereas in 
cancer cells, they would translate more efficiently. For example, 
the irrtroduction of the 5' UTR of fibroblast growth factor-2 5' to 
the coding sequence of herpes simplex virus type-1 ihymktine 
kinase gene, allows for selective translation of herpes simplex 
virus type-1 thymidine kinase gene in breast cancer cell fines 
compared with normal mammary cefl fines and results in se- 
lective sensitivity to ganciclovir (117). 



Targeting elF2.cc EPA, Clotrimazole, mda-7, 
and Flavonoids 

EPA is an n-3 polyunsaturated tatty acid found in the fish- 
based diets of populations having a low incidence of cancer 
(102). EPA inhibits the proliferation of cancer cells (103), as 
well as in animal models (104, 105). It blocks cell division by 
inhibiting translation initiation (105). EPA releases Ca 2 * from 
intracellular stores while inhibiting their refilling, thereby ac- 
tivating PKR. PKR, in turn phosphorylates and inhibits elF2o\ 
resulting in the inhibition of protein synthesis at the level of 
translation initiation. Similarly, clotrimazole, a potent antipro- 
liferative agent in vitro and in v/vo, inhibits cell growth through 
depletion of Ca 2 * stores, activation of PKR, and phospho- 
rylation of e!F2a (106). Consequently, clotrimazole preferen- 
tially decreases the expression of cyclins A, E, and D1, 
resulting in blockage of the cell cycle in 6 V 

mda-7 is a novel tumor suppressor gene being developed 
as a gene therapy agent. Adenoviral transfer of mda~7 (Ad- 
mda7) induces apoptosis in many cancer cells including 
breast, colorectal, and lung cancer (107-109). Ad-mda7 also 
induces and activates PKR, which leads to phosphorylation 
of e!F2a and induction of apoptosis (110). 

Flavonoids such as gentstein and quercetin suppress tu- 
mor cell growth. All three mamma linn elF2a kinases, PKR, 
heme- regulated inhibitor, and PERK/PEK, are activated by 
flavonoids, with phosphorylation of elF2o and inhibition of 
protein synthesis (111). 



Targeting efF4A and eIF4E: Antisense UNA 
and Peptides 

Antisense expression of eIF4A decreases the proliferation rate 
ot melanoma cells (112). Sequestration of elF4E by ovcrexpres- 
sion ot 4E-BP1 is proapoptotic and decreases tumorigenicity 
(113, 114). Reduction of elF4E with antisense RNA decreases 
soft agar growth, increases tumor latency, and increases the 
rates ol tumor doubting times (7). Antisense elF4E RNA treat- 



Toward the Future 

Translation is a crucial process in every cell. However, several 
alterations in translational control occur in cancer. Cancer cells 
appear to need an aberrantly activated translational state for 
survival, thus allowing the targeting of translation initiation with 
surprisingly low toxicity. Components of the translational ma- 
chinery, such as elF4E, and signal transduction pathways in- 
volved in translation initiation, such mTOR, represent promising 
targets for cancer therapy. Inhibitors of the mTOR have already 
shown some preliminary activity in clinical trials, tt is possible 
that with the development of better predictive markers and 
better patient selection, response rates to single-agent therapy 
can be improved. Simitar to other cytostatic agents, however, 
mTOR inhibitors are most likely to achieve clinicaf utility in 
combination therapy. In the interim, pur increasing understand- 
ing of translation initiation and signal transduction pathways 
promise to lead to the identification of new therapeutic targets 
in the near future. 
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Overexpression of chemokines, fibrogenic cytokines, and myofibroblasts in 
human membranous nephropathy. 

Mczzano SA , Drofiuett MA, Burgos ME, Ardiles LG. Aros_CA, Caomf, EgjdoJ. 

Division of Nephrology, School of Medicine, Universidad Austral, Valdivia, Chile. 
sme22ano@uach.cl ' 

Overexpression of chemokines, fibrogenic cytokines, and myofibroblasts in human 
membranous nephropathy. BACKGROUND: Proteinuria plays a central role in the 
progression of glomerular disease, and there is growing evidence suggesting (hat it may 
determine tubular cell activation with release of chemokines and fibrogenic factors, 
leading to interstitial inflarnnlatory reaction. However, most studies on this subjecthave 
been performed in experimental models, and the experience in human kidney biopsies 
has been scarce. We analyzed the tissue sections of patients with idiopathic membranous 
nephropathy (MN), a noninflammatory glomerular disease that may follow a progressive 
disease with heavy persistent proteinuria, interstitial cell infiltration, and decline of renal 
function. METHODS: Paraffin-embedded biopsy specimens from 25 patients with IMN 
(13 progressive and 12 nonprogressive) were retrospectively studied by 
immunohistochernistry [monocyte chemoattractant protein- 1 (MCP-1 ), regulated on 
activation normal T-cell expressed and secreted chemokine (RANTES), osteopontin 
(OPN), platelet-derived growth factor-BB (PD-GF-BB)] and in situ hybridization [MCP- 
I, RANTES, PDGF-BB, transforming growth factor-betal (TGF-betal)]. Moreover, we 
studied the presence of myofibroblasts, which were identified by the expression of alpha- 
smooth muscle actin (alpha-SMA), the monocytes/macrophages (CD68-positive cells) 
and T-cell infiltration (CD4+ and CD8+ cells). All of the patients were nephrotic and ' 
without treatment at time of the biopsy. RESULTS: A strong up-regulation of MCP-1 , 
RANTES, and OPN expression was observed, mainly in tubular epithelial cells, with a 
significant major intensity in the progressive IMN patients. A strong correlation between 
the mRNA expression and the corresponding protein was noted. The presence of these 
chemokines and OPN was associated with interstitial cell infiltration. TGF-beta and 
PDGF were also up-regulated, mainly in tubular epithelial cells, with a stronger 
expression in the progressive IMN, and an association with the presence of 
myofibroblasts was found. CONCLUSIONS: Patients with severe proteinuria and 
progressive IMN have an overexpression in tubular epithelial cells of the chemokines - 
MCP-1, RANTES, and OPN and the profibrogenic cytokines PDGF-BB and TGF-beta. 
Because this up-reguiation was associated with an interstitial accumulation of 
mononuclear cells and an increase in myo fibroblastic activity, it is suggested that those 
mediators are potential predictors of progression in IMN. Finally, based on experimental 
data and the findings of this article, we speculate that severe proteinuria is the main factor 
responsible for the up-reguiation of these factors in tubular epithelial cells. 
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Decreased uncoupling protein expression and intramyocytic triglyceride 
depletion in formerly obese subjects. 

Istttuto di Clinica Medica and. Clinica Chirurgica and Centro CNR Fisiopatologia Shock 
UmversUaCattoItca SCuore.Rome.ItaIy.gniingrone@nn.unicatt.it 

nrP^^ 8 ' T ° ^ am -' ne the mUSCuIar unoou P»"ng P«>tein expression 2 (UCP2) and 

gene expression m morbid obese subjects before and after bariatric surgery rbilio- 
pancreatic diversion (BPD)]. RESEARCFf METHODS AND PROCEDURES Eleven 

RPn C J?f?J (BM = 49 ^ 2 kg/m(2)) Were Studied before BPD and 24 monXer 
BPD. Skeletal muscle UCP2 and UCP3 mRNA was measured using reverse 

fransenptase-competitive polymerase chain reaction and UCP3 protein by Western 

blotting Intramyocytic triglycerides were quantified by high-performance liquid 

chromatography. Twenty-four-hour energy expenditure and respiratory quotient (RO) 

were measured m a respiratory chamber. RESULTS: After BPD, the average weiXoss 

was : , Proximately 38% Nonprotein RQ was increased in the postobese suljecJ (0 73 

UCP2 and UCP3 Jma^ "If ^ ^ P < ° ° 00l) after BPD - E *P™™ of 
UCP2 and UCP3 mRNA was significantly reduced (from 35.9 +/- 6.1% to 18 6 +/-4 5% 

S n' t ' " = , ° 02 ' fr T 2 +/ " H 0% t0 33 4 +/ " 85% > P = °.03; respectively^ 
60 -fi P7 r temcoa,ent was 3150 significantly reduced (272.19 +/- 84.13 vs 175 78 +/ 

levelsVn - 0 P nn?; 04) ' A re g ression ^lysis (R(2) = 0.90) showed that DV1TG 

uril ^ ~ . I L^ eSe " ted the most powerM 'dependent variable for predicting 
UCPjvanation. DISCUSSION: The strong correlation of UCP expression^ decrease 

t^SZ ; OS 815 ** triglycerid r t p,ays ™ even more ^ 

S^w^S"™" circu,ating ,eve,s of free fatty acids or the 
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Differential expression of the short and long forms of the gamma 2 snbunit 
or the GAJBAA/benzodiazepuie receptors. 

Miralles CP , Gutierrez A , jQianZU, Vitorjca J, Pe Bias AL 

Division of Molecular Biology and Biochemistry, School of Biological Sciences 
University of Missouri-Kansas City 64 110-2499. ' 

The distribution of the mRNAs encoding the gamma 2S and gamma 2L subunits of the 

^^, reCept f thC rat brain has been revcaIed ^ in situ hybridization, northern blot 
and dot blot analysis using specific antisense oligonucleotides. In addition the 

quantitative distribution of the gamma 2S and gamma 2L subunit peptides participating in 

the hilly assembled GABAA receptors/benzodiazepine receptors has been mapped by 

unmunoprecipitation with specific anti-gamma 2S and anti-gamma 2L antibodies 

Several neuronal types and brain regions are enriched in gamma 2L such as neurons of 

the layer II of striate cortex and cerebellar Purkinje cells as well as the inferior colliculus 

superior colliculus, deep cerebellar nuclei, medulla and pons. Other neuronal types and ' 

re gl ons are enriched in gamma 2S such as the mitral cells of the olfactory bulb, pyramidal 

neurons of thepynform cortex, layer VI of the neocortex, granule cells of the dentate 

gyrus and pyramidal cells of the hippocampus. Other cortical areas and cerebellar granule 

ceils express both gamma 2S and gamma 2L in comparable amounts: There is a good 

correlation between the relative expression of gamma 2S and gamma 2L mRNAs and the 

relative presence of these protein subunits in fully assembled and mature receptors in the 

studied brain regions. The differential distribution of gamma 2S and gamma 2L might 

result m d.fferential ethanol sensitivity of the neurons expressing these GABAA receptor 
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Follicle-Stimulating Hormone Receptor and Its Messenger Ribonucleic Acid Are 
Present in the Bovine Cervix and Can Regulate Cervical Prostanoid Synthesis 1 

D. Mizrachi and M. Shemesh 2 

Department of Hormone Research, Kimron Veterinary Institute, Bet Dagan, Israel 50250 



ABSTRACT 

The hypothesis that FSH regulates the bovine cervical pros- 
taglandin E 2 (PGE 2 ) synthesis that is known to be associated with 
cervical relaxation and opening at the time of estrus was inves- 
tigated. Cervical tissue from pre-estrous/estrous, luteal, and 
postovulatory cows were examined for 1) the presence of bovine 
(b) FSH receptor (R) and its corresponding mRNA and 2) the 
effect of FSH on the PGE 2 regulatory pathway in vitro. The pres- 
ence of bFSHR mRNA in the cervix (maximal during pre-estrus/ 
estrus) was demonstrated by the expression of a reverse tran- 
scription (RT) polymerase chain reaction (PCR) product (384 
base pairs) specific for bFSHR mRNA and sequencing. Northern 
blotting revealed three transcripts (2.5, 3.3, and 3.8 kilobases 
[kb]) in cervix from pre-estrous/estrous cows. The level of FSHR 
(75 kDa) was significantly higher (p < 0.01) in Western blots of 
pre-estrous/estrous cervix than in other cervical tissues. There 
was a good correlation between the 75-kDa protein expression 
and its corresponding transcript of 2.55 kb throughout the es- 
trous cycle as described by Northern blot analysis as well as RT- 
PCR. Incubation of FSH (10 ng/ml) with pre-estrous/estrous cer- 
vix resulted in a 3-fold increase in the expression of FSHR and 
a 2-fold increase in both G protein (a s ) and cyclooxygenase II. 
FSH (5-20 ng/ml) significantly increased (p < 0.01) cAMP, ino- 
sitol phosphate {p < 0.01), and PGE 2 (p < 0.01) production by 
pre-estrous/estrous cervix but not by cervix at the other stages. 
We conclude that bovine cervix at the time of the peripheral 
plasma FSH peak (pre-estrus/estrus) contains high levels of 
FSHR and responds to FSH by increasing the PGE 2 production 
responsible for cervical relaxation at estrus. 

INTRODUCTION 

FSH and LH are the two known pituitary hormones that 
regulate gonadal functions. FSH is essential for female fer- 
tility, specifically for folliculogenesis, and human ovarian 
failure has been related to mutations both in the FSH re- 
ceptor (FSHR) and in the FSH£ gene [1]. However, unlike 
LH, for which extra-gonadal binding has been documented 
for the uterus in the cow [2], pig [3], and human [4], no 
extra-gonadal effects of FSH have been reported. The uter- 
ine LH receptors have been shown to be physiologically 
active in the cow [2, 5]. The concentration of uterine LH 
receptors is related to the phase of the cycle, and binding 
of LH to uterine receptors increases uterine prostaglandin 
synthesis [2, 5]. Preliminary observations in our laboratory 
indicated that both FSH and LH receptors are also present 
in the cervix. We therefore investigated whether FSHRs are 
associated with the regulation of cervical prostaglandin, 
particularly around the time of estrus, when both cervical 
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PGE 2 production [6] and peripheral FSH concentrations are 
maximal. 

The present investigation was therefore conducted to de- 
termine the presence of FSHR and its mRNA, and its phys- 
iological activity, in the bovine reproductive tract. Since the 
cervix is a prostaglandin E { (PGEj)- and PGE 2 -sensitive 
tissue and responds to hormonal stimulation, we also de- 
termined whether FSH could increase cervical cyclooxy- 
genase expression and production of PGE 2 in vitro, partic- 
ularly at the time near estrus. 

MATERIALS AND METHODS 

Animals 

Cervical and ovarian tissues were collected from Hol- 
stein cows at a local abattoir The stage of the cycle was 
determined according to signs of ovulation and the status 
of corpora lutea (CL; weight, color). These parameters al- 
lowed the classification of the cervix into three groups: 1) 
pre-estrous/estrous (follicular, 18-20 days postovulation; 
regressed CL < 1 .0 g; presence of cervical mucus; n = 
54); 2) postovulatory (1-4 days postovulation; presence of 
corpora hemorrhagica; signs of follicular rupture; n = 35), 
and 3) luteal (12-16 days postovulation; CL 4-6 g; n = 
44). Bovine granulosa cells were collected from pre-es- 
trous/estrous follicles and used as a positive control for 
FSHR expression [7]. 

The cervix external os segment was taken as the initial 
3 cm of the cervix (total length of cervix is about 9 cm). 
The cervical os segments, primarily luminally oriented 
muscularis with epithelium, were sliced into horizontal 
strips (1 cm in length), pooled, and minced finely with a 
scalpel. The Kimron Veterinary Institute Animal Care and 
Use Committee approved all procedures. 

FSHR Gene Expression 

RNA isolation. Bovine cervical or ovarian tissues were 
rapidly dissected and frozen in liquid nitrogen (within 20 
min after slaughter). Total RNA was extracted using the 
acid phenol, guanidine thiocyanate technique [8], using 
TriReagent (Molecular Research Center, Inc., Cincinnati, 
OH) according to the manufacturer's instructions. 

Reverse transcription (RT)-polymerase chain reaction 
(PCR). Bovine FSHR mRNA was detected as previously 
described for the LH receptor mRNA [5]. Oligonucleotides 
corresponding to the published sequence of the bovine 
FSHR [7] were synthesized and used as primers in a PCR 
reaction. Bovine ovarian and cervical tissue cDNA ob- 
tained by RT of 2 |xg RNA was used as a template in the 
PCR reaction using a pair of primers corresponding to the 
transmembrane segments of the FSHR. The primers, 20- 
mer each, were selected using the OL1GO Program (Oiigo 
Rl primer analysis software; National Biosciences, Plym- 
outh, MN). The forward primer corresponded to position 
1399-1419 (5 ' CGGCTTTTTC ACTGTCTTTG3 ') on the 
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bovine FSHR mRNA [7]. The reverse primer was a 20-mer 
oligonucleotide complementary to position 1763-1783 
(5'CGCTTGGCTATCTTGGTGTC3'). The predicted size 
of the RT-PCR product was 384 basepairs (bp). Four mi- 
croliters of the RT reaction were used as a template for 
PCR; the reaction was allowed to proceed 35 cycles using 
2 U Termus Aquaticus DNA polymerase (recombinant) 
provided by MBI Fermentas, Vilnius, Lithuania, and 200 
pmol of each primer. The cycling parameters of the PCR 
were 98°C for 20 sec, 56°C for 45 sec, and 72°C for 45 
sec. After amplification the samples were separated on a 
1% agarose gel, stained with ethidium bromide, and pho- 
tographed under UV light. The 384-bp fragment was ex- 
tracted using the Wizard PCR Preps Kit (Promega, Madi- 
son, WI) and sequenced with the upper primer using an 
automatic sequencer (Applied Biosystems, Foster City, 
CA). For internal control, a bovine P-actin fragment of 890 
bp was produced from an upper primer (5'ACCA- 
ACTGGGACGACATGGAG3'; 21 mer) and a lower prim- 
er (5 'GCATTTGCGGTGG ACAATGG A3 ' ; 21 mer) as pre- 
viously described [5]. Each PCR amplification was stan- 
dardized using ovarian granulosa cDNA to produce a spe- 
cific band of the predicted size. Standardization was based 
on temperature, cycle number, Mg level, and pH. 

Western Blots 

Cervical, bovine seminal vesicle, or muscle minces were 
sonicated for 45 sec, lysed in 500 uJ lysing buffer (1% 
Nonidet-40 [Sigma, St. Louis, MO], 2 mM EGTA, 5 n'M 
MgCl 2 , 1 mM PMSF in PBS) and incubated for 2 h at 4°C. 
After centrifugation, aliquots were taken for protein deter- 
mination using gamma globulin (Sigma) as reference stan- 
dard [9] and a protein dye binding method (Bio-Rad Lab- 
oratories, Richmond, CA). Sixty micrograms of protein of 
the soluble tissue extract was then separated by electropho- 
resis on 5-9%-gradient SDS-PAGE and electroblotted onto 
nitrocellulose paper (Amersham, Little Chalfont, Bucks, 
UK) as described previously [9]. The nitrocellulose mem- 
brane was washed with PBS containing 0.05% TWEEN-20 
and blocked with 10% horse serum (Kimron Veterinary In- 
stitute) in washing solution. The nitrocellulose membrane 
was then treated with either 1) an anti-peptide antibody 
(code name 179) raised against human (h) FSHR peptide 
265-295, diluted 1:500 (donation of Dr. J.A. Dias, Wads- 
worth Center, New York State Department of Health); 2) 
rabbit antiserum for bovine G protein (a ? ) diluted 1:1000; 
UB1, Lake Placid, NY); or 3) rabbit anti-bovine cycloox- 
ygenase polyclonal antiserum (diluted 1:200; Kimron Vet- 
erinary Institute) [9]. Different dilutions were used for each 
antibody, and the final dilution used was 75% of the dilu- 
tion, which gave a maximal signal as previously described 
[9]. The nitrocellulose paper was then incubated with horse- 
radish peroxidase-conjugated goat anti-rabbit IgG (Sigma 
Israel, Rehovot, Israel; diluted 1:2000 in washing buffer) 
for 1 h at room temperature. The presence of FSHR, G 
protein (a s ), or cyclooxygenase was then visualized by 
means of a color reaction as follows. The nitrocellulose 
paper was incubated in a substrate solution containing 3'3'- 
diaminobenzidine (0.5 mg/ml; Sigma) in a mixture of PBS 
containing 0.5% CaCl 2 and 6% H 2 0 2 . The antibody to 
hFSHR recognized the 75-kDa protein of the FSHR. The 
antibody to G (a s ) recognized both the 42-kDa and 87-kDa 
forms of this protein, and the antibody to cyclooxygenase 
recognized the 72-kDa form (cyclooxygenase II). Extract 
of bovine seminal vesicles that are known to have a high 
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content of cyclooxygenase was used as positive control as 
previously described [9]. The densitometric scans were ob- 
tained using a bio-imaging system (B.I.S. 2020; Rhenium 
Dingo, Jerusalem, Israel) and processed with Tina 2.0 soft- 
ware (Fuji, Japan). Linearity of detection [9] was deter- 
mined for densitometry for both Western and Northern 
blots. Each Western blot was evaluated in the absence of 
the first antibody, and no signal was detected. 

Northern Blot Analysis 

For Northern blots, 10 u,g of total RNA was denatured 
in 20 |jl1 50% formamide/2.2 M formaldehyde in single- 
strength 3-(/i-morpholino) propanesulfonic acid (MOPS) 
buffer (0.04 M MOPS, 10 mM sodium acetate, 1 mM 
EDTA) at 65°C for 10 min. Samples were placed on ice, 
and 5 |xl of loading buffer (0.5% SDS, 0.25% bromophenol 
blue, 25% glycerol, 25 mM EDTA) was added. Samples 
were subjected to electrophoresis through a 1.2% agarose 
formaldehyde gel and transferred by capillary blotting to 
nylon membranes (Nytran; Schleicher and Schuell, Keene, 
NH). RNA was subsequently UV cross-linked to mem- 
branes. The RT-PCR product fragments of 384 bp for 
FSHR and 890 bp for P-actin were used to generate bioti- 
nylated probes using random primer biotin labeling of DNA 
for chemiluminescence (NEBlot phototype kit; Biolabs, 
Beverly, MA) according to the manufacturer's instructions. 
The blotted membrane was prehybridized at 65°C for 1 h 
in prehybridization solution (6-strength SSC [3 M NaCl, 
0.3 M sodium citrate], 5-strength Denhardt's reagent [1% 
ficoll, 1% polyvinylpyrrolidone, 1% BSA], 0.5% SDS, and 
100 u.g/ml denatured salmon sperm DNAs) and hybridized 
overnight in the same solution with the denatured biotiny- 
lated probe to the target RNA. The membrane was then 
washed in double-strength SSC, 0.1% SDS at room tem- 
perature for 10 min and washed again in 0.1 -strength SSC, 
0.1% SDS at 68°C for 15 min followed by subsequent 
chemiluminescence, development, and detection on x-ray 
film (RX; Fuji Film, Tokyo, Japan). To obtain quantitative 
data for the specific mRNA, we used the densimetric value 
for (3-actin mRNA to normalize each specific mRNA value. 
To remove FSHR probe, membranes were stripped using 
water for 15 min, then incubated in 0.4 M NaOH, 0.1% 
SDS at 80°C for 30 min. The membrane was rinsed again 
in 02 M Tris-HCl, 0.1 -strength SSC for 30 min at 25°C, 
After stripping, prehybridization and hybridization with (3- 
actin probe were performed as described for FSHR mRNA. 

Cyclic AMP Determinations 

Cervical tissue minces (50 mg/ml) were incubated for 
10 min in wells of 1.5 ml containing 1.0 ml of Tissue Cul- 
ture Medium- 199 (TCM-199 without serum (Biological In- 
dustries, Beit Haemek, Israel) in the absence or presence 
of physiological (5, 10 ng/ml) and pharmacological doses 
(20, 40 ng/ml) of FSH (USDA-bFSH-8-1; no further in- 
crease in cAMP production was seen at 50 or 100 ng/ml) 
or forskolin, a stimulator of adenylate cyclase (10 u,M; Sig- 
ma). The dose of forskolin was selected to give a 3-fold 
increase in cAMR At the end of the incubation, tissues were 
removed, blotted on filter paper to remove mucus, and in- 
cubated overnight at 4°C with 400 fil of 3% HC10 4 . The 
solution was then neutralized with 150 jxl of KHC0 3 and 
centrifuged, and 50-pJ aliquots were taken for the radiore- 
ceptor assay as described by Brown et al. [10] and modified 
for endometrium by Miyazaki et al. [11]. Standards (0- 
1000 pg of cAMP) or samples were incubated at room tern- 
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FIG. 1 . RT-PCR amplification of bovine cervix FSHR and p-actin mRNA. 
RT-PCR was performed as described in Materials and Methods for FSHR 
and fJ-actin, Separate RT-PCR amplification products of FSHR (estimated 
384 bp) and 3-actin (estimated 890 bp) were combined and separated on 
agarose gel electrophoresis and stained with ethidium bromide. RT-PCR 
was performed using 2 |xg RNA of bovine granulosa cells as a positive 
control (lane 1), cervical tissue at the pre-estrous/estrous (lanes 3-4), post- 
ovulatory (lanes 5-6), and luteal phases (lanes 7-8). Lanes 9-1 0 represent 
reamplification, using as template the PCR product, cDNA, from the lu- 
teal-phase amplification. Lane 2 represents negative control in the ab- 
sence of RNA. The tissue was taken from 4 cows at each stage of the 
estrous cycle, and two representative samples from each stage are shown. 
SM, size markers. 

perature with 100 u,l of cAMP binding protein prepared 
from bovine adrenal extracts as described [10]. The buffer 
used for the assay was added to form a final reaction vol- 
ume of 400 jxl. After 2-h incubation in a cold room, the 
reaction was stopped by adding 300 jxl of a charcoal-dex- 
tran solution; centrifugation followed, and the supernatant 
was removed for counting in a scintillation counter. The 
sensitivity of the assay was 60 pg/tube. Quadruplicate as- 
says were made for each value determined. The within- 
assay and between-assay coefficients of variance were 8% 
and 10%, respectively. 



1401 

BTFSH GCTTTTTCAC TGTCTTTGCC AGTGAGCTCT CAGTCTACAC TCTGACCGCC 
Cervix GCTTTTTCAC TGTCTTTACT AGTGAGCTCT CAGTCTACAC TCTGACCGCC 

BTFSH ATCACGCTGG AAAGATGGCA TACCATCACC CATGCCATGC AGCTCGAATG 
Cervix . ATCACGCTGG AAAGATGCCA TCCCATCACC CGTGCCATGC AGCTCGAATG 

BTFSH CAAAGTGCAG CTCCGCCATG CTGCCAGCAT CATGCTGGTG GGCTGGATCT 
Cervix CAAAGTGCAG CTCCGCCATG CTGCCAGCAT CATGCTGGTG GGCTGGATCT 

BTFSH TTGCTTTTGC AGTTGCCCTT TTTCCCATCT TTGGCATCAG CAGCTACATG 
Cervix TTGCTTTTGC AGTTGCCCTT TTTCCCATCT TTGGCATCAG CAGCTACATG 

BTFSH AAGGTGAGCA TCTGCCTGCC CATGGACATT GACAGCCCCT TGTCACAACT 
Cervix AAGGTGAGCA TCTGCCTGCC CATGGACATT GACAGCCCCT TGTCACAACT 

BTFSH CTATGTCATG TCCCTCCTTG TGCTCAATGT CCTGGCCTTT GTGGTCATCT 
Cervix CTATGTCATG TCCCTCCTTG TGCTCAATGT CCTGGCCTTT GTGGTCATCT 

BTFSH GTGGCTGCTA CACTCACATC TACCTCACGG TGAGGAACCC CAACATCACA 
Cervix GTGGCTXCTT CACTCACATC TACCTCACGG TGAGGAACCC CAACATCACA 

1761 

BTFSH TCCTCTTCTA GTG 
Cervix TCCTCTTCTA GTG 

FIG. 2. Automated nucleotide sequencing and homology between Bos 
taurus mRNA FSHR (CenBank accession number L22319) from nucleo- 
tides 1401 to 1 763 and the PCR products obtained using the upper primer 
as described in Materials and Methods. A homology of 97.5% was found 
between Bos taurus and our amplified cDNA obtained by RT-PCR from 
cervical mRNA at pre-estrus/estrus, suggesting that they are complemen- 
tary. 



Measurement of Phospholipase C (PLC) Activity 

Cervical minces (30 mg) were incubated in 1 ml TCM- 
199 containing 5 mCi [ 3 H]myo-inositol for 90 min. Slices 
were rinsed with 1 ml TCM-199 and incubated for another 
60 min to remove unincorporated [ 3 H]myo-inositol. At the 
end of the preincubations, slices were incubated in 1 ml 
TCM-199 containing 10 mM LiCl to inhibit inositol phos- 
phate (IP) hydrolysis, allowing 3 H-IP, 3 H-IP 2 , and 3 H-IP 3 to 
accumulate in the tissue after stimulation of PLC, in ab- 
sence or presence of 0-20 ng/ml of FSH or 0-20 ng/ml 
LH (USDA bLH-I-1). Incubations were terminated by add- 
ing 2 ml ice-cold chloroform/methanol/hydrochloric acid 
(5:10:0.1, v:v:v) and then 1 ml chloroform and 1 ml EDTA 
(5 mM) and extracted as described by Kisielewska et al. 
[12]. 3 H-IP, 3 H-IP 2 , and 3 H-1P 3 were separated from the 
labeled inositol compounds by using Dowex AG 1-X8 (for- 
mate form). 3 H-Labeled IP was eluted from the column by 
sequential elution into Infractions. Aliquots of each frac- 
tion were added to scintillation vials containing 5 ml scin- 
tillation fluid, and radioactivity was determined using a 
scintillation counter. Total activity of PLC is expressed as 
cpm of total IPs/30 mg/30 min. 

RIA for PCE 2 and PCF 2o 

Aliquots of 100 u.1 were taken at the end of the incu- 
bation period for specific RJA of PGE 2 and PGF 2a , which 
were performed without chromatographic separation. The 
antisera for PGF 2a (Sigma) reacts preferentially with PGF 2u 
but cross-reacts with PGF la (60%) and to a negligible ex- 
tent (< 0.1%) with prostaglandins of the A, B, and E series. 
The antisera to PGE 2 (Sigma Israel) reacts preferentially 
with PGE 2 but cross-reacts with PGE, (20%), PGA,, PGA 2 , 
PGF la , and PGF 2a (< 10%) and to a negligible extent with 
PGB! and PGB 2 (< 0.1%). The intraassay coefficients of 
variation were 9% and 1 1%, and the interassay coefficients 
of variance were 12.3% and 13% for PGF 2a and PGE 2 . 

Statistical Analysis 

ANOVA was performed with a significance level of p 
< 0.05. Data were further analyzed using Tukey's proce- 
dure (p < 0.05 or p < 0.01) to assess significance between 
treatments. Student's /-test was used where appropriate. 
Values are expressed as means ± SEM. 

RESULTS 

FSHR mRNA Expression in the Cervix 

RT-PCR demonstrated that the FSHR gene is expressed 
in bovine cervix as indicated by the presence of the 384- 
bp fragment corresponding to bFSHR mRNA. The mRNA 
was maximally expressed in the cervix during the pre-es- 
trous/estrous phase. In contrast, the expression of the gene 
was reduced in postovulation cervix and not detectable in 
luteal-phase cervix (Fig. 1). However, reamplification of the 
PCR product, cDNA, from the luteal phase produced a de- 
tectable signal (Fig. 1). 

To demonstrate that the absence of FSHR mRNA in lu- 
teal-phase cervix was specific, bovine p-actin mRNA was 
used as internal control. PCR demonstrated that the specific 
890 bp of the 3-actin cDNA band was produced by the 
cervical tissues of all the stages. The band for P-actin was 
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FIG. 3. Northern blot for analysis of total RNA (10 ixg) extracted from 
bovine cervical tissues collected from pre-estrous/estrous, postovulatory, 
and luteal-phase cows, and bovine granulosa cells as a positive control. 
Relative migration of 28S and 18S ribosomal RNA is indicated. To localize 
rhRNA for FSHR and p-actin, our RT-PCR products (384-bp and 890-bp 
fragments, respectively) were used to generate biotinylated probes using 
biotin random primer. Figure shows results for FSHR mRNA in bovine 
granulosa cells as a positive control (lane A); and in cervical tissues at 
pre-estrus/estrus (lanes B-Q, postovulation, (lanes D-E) and the luteal 
phase (lanes. F-G). The corresponding (i-actin band was obtained by re- 
probing of the membranes previously tesled for FSHR mRNA as described 
in Materials and Methods. Columns show mean ± SEM of the optical 
density of the ratio FSHR:(i-actin, in which the luteal phase is given an 
arbitrary value of 1.0. Significantly different from luteal-phase value (p 
< 0.01); n = 5 for each stage. 
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FIG. 4. Presence of FSHR protein in cervical tissues as determined by 
Western blot. Soluble cell extracts (60 fig protein) were used to determine 
the amount of FSHR as described in Materials and Methods. Western blot 
proteins were transferred to nitrocellulose paper and probed with anti- 
serum to peptide hFSHR, 265-296. Western blot displays a representative 
result for bovine granulosa cells, used as positive control (lane A); bovine 
seminal vesicles (lane B) and muscle, used as a negative control (lane C); 
and cervical tissues from three stages of the estrous cycle: pre-estrous/ 
estrous (lane D), postovulatory (lane E), and luteal (lane F). Histogram 
summarizes the results for the three stages of the estrous cycle. Columns 
show mean ± SEM of the relative optical density in which the luteal phase 
is given an arbitrary value of 1 .0. Significantly different from luteal-phase 
value (p < 0.01); n = 7 for each stage. 



present even though the 384-bp band corresponding to the 
FSHR was absent (Fig. 1). 

The nucleotide sequence (Fig. 2) of the 384-bp fragment 
obtained from pre-estrous/estrous cervix was compared 
with that for the Bos taurus FSHR reported by Houde et 
al. [7], It was found that there was a 97.5% homology be- 
tween the 384-bp fragment and the nucleotide range 1410— 
1763 found in the Bos taurus FSHR. 

The Northern blot contained the expected three tran- 
scripts of 2.55, 3.3, and 3.8 kilobases (kb) present in the 
bovine granulosa. However, the high (6.8-kb) and low (1.6- 
kb) transcripts found in the ovary were not found in the 
cervix. The three transcripts were found in pre-estrous/es- 
trous cervix, but only one transcript (2.55 kb) was seen in 
luteal cervix (1/8 of the pre-estrus/estrus level; n = 5) or 
postovulatory cervix (1/3 of the pre-estrus/estrus level; n - 
5) (Fig. 3). 
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FIG. 5. Effect of incubation of cervical tissues with FSH on the expres- 
sion of the FSHR protein. Cervical tissue from 5 pre-estrous/estrous cows 
was incubated in the absence. or presence of FSH (0 or 1 0 ng/ml). Western 
blot is representative for FSH protein concentration after 3 h of incuba- 
tion, with granulosa cell extract serving as positive control. Lane A, Gran- 
ulosa cells {GO; lane B, cervical tissue at Time 0; lane C, cervical tissue 
after 3 h of incubation in TCM-199; lane D, cervical tissue after 3 h of 
incubation with 10 ng/ml of FSH. Lane E represents muscle tissue incu- 
bated with FSH (10 ng/ml) for 3 h as a negative control. Histogram sum- 
marizes the results of six experiments. Columns are means ± SEM. ♦Sig- 
nificantly different (p < 0.01) from the column representing the control 
at 3 h (a given value of 1). 



FSHR Protein in the Cervix 

The presence of FSHR protein in the cervix was dem- 
onstrated as determined by Western blot analysis using a 
specific antipeptide antibody for KFSHR. The antibody rec- 
ognized a 75-kDa protein in both bovine granulosa and 
cervical preparations identical with the predicted molecular 
size of FSHR. The signal for the 75-kDa protein was stron- 
gest in pre-estrous/estrous cervix when compared with 
postovulation- (3-fold) or luteal-phase (6-fold) cervix (Fig. 
4). With the use of 60 u,g protein in each lane, this protein 
was observed to be expressed throughout the estrous cycle. 

In Vitro Effect of FSH on Induction of FSHRs 

A time-course (0.75, 1.5, and 3 h) and dose-response (0, 
10, and 20 ng/ml) study was carried out to determine in 
vitro effect of FSH on its own receptor. Cervical minces 
(100 mg) from cows in the pre-estrous/estrous, postovula- 
tory, and luteal phases were used. It was found, as deter- 
mined by Western blot, that FSH induced its own receptor 
in cervical tissues at pre-estrus/estrus, with a 3-fold increase 
(jj < 0.01) observed at 10 ng/ml after 3 h of incubation 
(Fig. 5). However, no effect of FSH was seen at earlier 
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FIG. 6. Effect of incubation of cervical tissues with FSH on the synthesis 
of G protein. Cervical tissues from 5 pre-estrous/estrous cows were in-, 
cubated in the absence or presence of FSH (10 ng/ml). Both the 87-kDa 
G protein (a, 3, 7 complex) and 42-kDa protein (a,) are elevated at 3 h 
of incubation. Granulosa cell extract was used as a positive control. Lane 
A, Granulosa cells (GC); lane B, cervical tissue at Time 0; lane C, cervical 
tissue after 3 h of incubation in TCM-1 99; lane D, cervical tissue after 3 
h of incubation with 10 ng/ml of FSH. Columns are means ± SEM of 42- 
kDa protein. "Significantly different (p < 0.05) from the column repre- 
senting the control at 3 h '(with an arbitrary value of 1.0). 



times at the 10 ng/ml level. When 20 ng/ml was used, a 
stimulatory effect (2-fold) was seen after 1.5 h. No signif- 
icant response was observed when tissues of the postovu- 
latory or luteal phase were used at any dose or time tested 
(data not shown). 

Effect of FSH Treatment on G Protein (a J 

A time-course and dose-response study was carried out 
to determine whether cervical FSHR was coupled to G pro- 
tein. Cervical minces (100 mg) from cows in the pre-es- 
trous/estrous, postovulatory, and luteal phases were incu- 
bated in the presence of FSH (0-20 ng/ml) for 0.75, 1.5, 
and 3 h. It was found in pre-estrous/estrous cervical tissue 
that, in the presence of FSH (10 ng/ml), there was a sig- 
nificantly (p < 0.05) higher level of G protein (ot s ) at the 
level of both the 87-kDa (a, 0, 7 complex) and the 42-kDa 
(a s ) proteins after 3 h of incubation (Fig. 6). FSH, at either 
10 or 20 ng/ml, did not have a stabilizing effect on the 
level of G protein (a s ) at shorter times of incubation (0.75 
or 1.5 h). No significant response was observed when tis- 
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FIG. 7. Effect of FSH on IP production in cervical tissue. Cervical tissues 
from six cows at each of three stages of the cycle were incubated for 30 
min in the absence or presence of FSH (10 ng/ml) or LH (ng/ml). IPs 
produced were determined in four replicates by amount of labeled com- 
pound (cpm) produced. Columns are means ± SEM (*p < 0.05; **p < 
0.01; significantly different from control value for each stage of the cycle). 



sues of the postovulatory or luteal phase were used at any 
dose or time tested (data not shown). 

IP Pathway Activation by FSH 

For IP measurement; cervical tissue minces (30 mg) 
from pre-estrous/estrous, postovulatory, and luteal-phase 
cows were incubated for 30 min in the absence or presence 
of FSH (10 ng/ml) or LH (10 ng/ml). FSH significantly {p 
< 0.01) increased the level of IP, IP 2 , and IP 3 at pre-estrus/ 
estrus. However, FSH significantly (p < 0.05) inhibited IP 
level in the postovulatory stage. In contrast, LH, but not 
FSH, stimulated TPs significantly (p < 0.01) at the luteal 
phase (Fig. 7). 

Adenylate Cyclase Activation by FSH 

A dose-response analysis was used to determine whether, 
the cervical FSHR was coupled to adenylate cyclase. In 
these experiments, cervical tissue minces (50 mg) obtained 
from pre-estrous/estrous, postovulatory, and luteal-phase 
cows were incubated with FSH (0-40 ng/ml). FSH in- 
creased cAMP accumulation in a dose-dependent manner 
when incubated with pre-estrous/estrous cervical tissues, 
with maximal stimulation 2.5 times (p < 0.01) that of con- 
trol in the presence of 10 ng/ml (Fig. 8 A). In contrast, cer- 
vical tissue from luteal or postovulation did not respond to 
FSH even though tissues from all phases of the cycle re- 
sponded to forskolin with a significant {p < 0.01) increase 
in cAMP (Fig. 8B). 

Effect of FSH on PGE Production by Cervical Tissues 

A dose-response analysis was carried out to determine 
whether FSHR was associated with cervical prostaglandin 
production. PGE 2 and PGF 2u production by cervical minces 
(100 mg/ml) in the presence of FSH (0-20 ng/ml) was de- 
termined by RIA. FSH stimulated (p < 0.01) basal PGE 2 
production in a dose-dependent manner and caused a 3-fold 
increase in PGE 2 production at 10 ng/ml in pre-estrous/ 
estrous cervical tissues (n = 8, Fig. 9). FSH had no effect 
on the small amount of basal PGF 2u (< 1 ng/100 mg) pro- 
duced by cervical tissue (data not shown). FSH did not 
elevate PGE 2 in cervical tissues from the luteal phase; fur- 
thermore, a small but significant (p < 0.05) inhibition was 
observed at postovulation (Fig. 9). 
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FIG. 8. Effect of FSH on adenylate cyclase production in cervical tissue. 
A) Cervical tissues from six cows at pre-estrus/estrus were incubated (4 
replicates) for 10 min in the absence or presence of FSH (0, 5, 10, 20, or 
40 ng/ml) or forskolin (10 junol/L), and the amount of cAMP produced 
was measured by a protein binding assay. B) Cervical tissues from six 
cows at each of the three stages of the estrous cycle were incubated (4 
replicates) for 10 min in the absence or presence of FSH (10 ng/ml) or 
forskolin (10 p.M). The amount of cAMP produced was measured by a 
protein binding assay. Columns are means ± SEM. Columns with asterisks 
were statistically different from their own control (*p < 0.01 ; **p < 0.05). 
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FIG. 9. FSH dose response on production of PGE 2 by cervical tissues. 
Cervical tissues from 8 pre-estrous/estrous, postovulatory, or luteal-phase 
cows were incubated in the absence or presence of FSH (5, 10, or 20 ng/ 
m!) for 6 h, and the effect on the production of PGE 2 was measured by 
RIA. *p < 0.01; **p < 0.05. 
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FIG. 10. Effect of incubation of cervical tissues with FSH on the ex- 
pression of cyclooxygenase. Cervical tissues from 5 pre-estrous/estrous 
cows were incubated in the absence or presence of FSH (10 ng/ml).The 
72-kDa cyclooxygenase II protein was elevated at 3 h of incubation. Lane 
A bovine granulosa cells (GC); lane B, cervical tissue at Time 0; lane C, 
cervical tissue after 3 h of incubation inTCM-199; lane D, cervical tissue 
after 3 h of incubation with 10 ng/ml of FSH. Columns are means ± SEM 
of 72-kDa protein. 'Significantly different (p < 0.01) from the column 
representing the control at 3 h (with an arbitrary value of 1.0). 



Cyclooxygenase Activation by FSH 

To determine whether the presence of FSHR was asso- 
ciated with the expression of cyclooxygenase, cervical 
minces were incubated for 3 h in the presence or absence 
of FSH (10 ng/ml). Tissues from pre-estrous/estrous, post- 
ovulatory, and luteal-phase cows were extracted, separated 
on SDS-PAGE, and tested for the cyclooxygenase II (72 
kDa) using a specific antibody. It was found that in cervical 
tissues from six pre-estrous/estrous cows, FSH induced a 
200% increase in the expression of cyclooxygenase after 3 
h of incubation (Fig. 10). In contrast, no effect on cyclo- 
oxygenase expression was seen in cervical tissues from lu- 
teal-phase cows, and an insignificant (p > 0.05) elevation 
at the postovulatory phase was observed (data not shown). 

DISCUSSION 

Results of this study demonstrate by both PCR amplifi- 
cation and Northern blot analysis that FSHR mRNA is pres- 
ent in the bovine cervix. The bands corresponding to the 
receptor (75 kDa) and its mRNA were maximally expressed 
during the pre-estrous/estrous phase. Incubation of cervical 
tissues with FSH increased the expression of cyclooxygen- 



ase and the production of PGE 2 (and possibly PGE,) at the 
pre-estrous/estrous phase. The stimulation of cervical cy- 
clooxygenase was associated with activation of both the 
PLC and adenylate cyclase second messenger G-protein re- 
lated pathways. 

Northern blot analysis of bovine cervical tissues from 
pre-estrous/estrous cows revealed multiple transcripts for 
bovine cervical FSHR. The sizes of the major transcripts 
were 2.5 kb, 3.3 kb, and 3.8 kb, which were similar to those 
obtained in bovine granulosa cells [7], rat testis and ovary 
[13, 14], and human ovary [15] and myometrium [16]. Oth- 
er minor transcripts have been reported in all of these spe- 
cies. The RT-PCR product yielded a single band of 384 bp, 
which was the expected molecular size, so the different 
iso forms of the FSHR are probably the result of differential 
splicing of the same transcript. Isoforms of FSHR have 
been characterized in human [17] and primate [18] ovary . 
and in ovine testis [19]. Since only a single 2. 5-kb isomer 
was present in luteal-phase cervix (which did weakly pro- 
duce FSHR), it would appear that there are different iso- 
forms present in the bovine cervix as well 

The nucleotide sequence homology between our RT- 
PCR 384-bp product was 97.3% identical to the comparable 
region of the bovine FSHR, showing that our amplified 
cDNA was complementary to the Bos taurus mRNA FSHR. 
The PCR product of 384-bp cDNA was found primarily in 
the pre-estrous/estrous cervix. 

Using specific antibody raised in rabbits against hFSHR 
(amino acid sequence 265-296) for Western blot analysis 
resulted in a major signal for a 75-kDa protein. A protein 
of similar molecular mass has been reported in rat and hu- 
man ovary [20]. A strong signal for this protein was seen 
in the pre-estrous/estrous cervix compared with cervix from 
the other stages of the cycle. This cervical receptor was 
regulated by FSH itself, similar to the regulation of the 
FSHR in the rat ovary [14]. 

FSH increased cAMP production by cervical tissue from 
the pre-estrous/estrous phase but did not elevate cAMP in 
the postovulatory and luteal phases. FSH elevation of IPs 
displayed the same pattern. It would therefore appear that 
the cervical FSHR is associated with signal transduction 
pathways in a way similar to the accepted mechanism of 
LH action in the ovary and testes, i.e., activation of the 
second messenger pathways — adenylate cyclase [21] and 
phosphatidyl-inositol (PLC) [22, 23]. The inhibitory effect 
of FSH on IPs and cAMP at postovulation occur when 
FSHR is low. Since FSH activity is biphasic, i.e., is stim- 
ulated by a low dose and inhibited by a high dose, an in- 
hibitory effect at low concentrations could be the result of 
the change in the ligand-receptor ratio. 

FSH induced about a 200% increase in the expression 
of cyclooxygenase at pre-estrus/estrus but had no effect on 
the two other stages of the cycle. This was similar to the 
response of cyclooxygenase to LH that was observed for 
the bovine endometrium [2] and uterine vein [6]. However, 
in the endometrium, LH increased cyclooxygenase during 
both the luteal and postovulatory phases but not at estrus 
[2]. Furthermore, the induction of cyclooxygenase by go- 
nadotropin in the endometrium was associated with an in- 
creased level of PGF 2ft , while in the cervix PGE 2 was the 
major product. 

The bFSH was of immunological grade and devoid of 
residual biological contamination of LH, thyroid-stimulat- 
ing hormone, growth hormone, prolactin, or ACTH. The 
effects on increasing cAMP, PGE 2 , and cyclooxygenase as 
well as induction of FSHR were therefore specific. Fur- 
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thermore, it was found that highly purified hFSH (10-20 
ng/ml) (donation of LA. Dias) had the same effects as 
bFSH when incubated with cervical tissue under the same 
conditions (2.5-fold increase in cAMP; 3-fold increase in 
PGE 2 ; 2-fold increase in cyclooxygenase). 

The relaxation and opening of the gravid cervix is due 
to active biochemical and structural changes in the cervical 
connective tissue that are mediated in part by prostaglan- 
dins [24]. It is thought that stretching of the cervix is a 
factor in causing the release of these prostaglandins [25, 
26]. The effect of PGE in causing cervical softening in the 
ewe is also well documented [27-29]. In both nonpregnant 
and pregnant cows, PGE 2 causes an increase in cervical 
opening within 3 h of treatment [30]. PGE, administered 
intra-cervicaliy in a jelly was shown to decrease cervical 
resistance within 24 h [31]. 

Recently, we reported [6] that oxytocin caused a signif- 
icant stimulation of PGE 2 production in vitro in cervical 
tissues from pre-estrous/estrous cows but had no effect on 
PGE 2 production in cervical tissue from other stages of the 
estrous cycle of the cow. Similarly, in an initial report [31], 
it was shown that administration of oxytocin to pre-estrous 
cows increased the concentration of PGE 2 in the cervical 
exudate. However, peripheral oxytocin concentrations dur- 
ing estrus are lower than during the luteal phase [32, 33], 
and elevations of both peripheral oxytocin and cervical 
oxytocin receptor concentration are necessary for oxytocin 
to cause cervical softening towards parturition [24]. Fur- 
thermore, progesterone in vitro induced a dose-dependent 
inhibition of PGE 2 release by cervical tissues from pre- 
estrous/estrous cows, and this was associated with a de- 
crease in both basal and oxytocin-stimulated PGE 2 produc- 
tion [6]. It would therefore seem that hormones other than 
oxytocin are responsible for the increase in cervical PGE 2 
in the pre-estrous/estrous cow. The present report indicates 
that FSH, which has its peak peripheral concentration at the 
time of estrus, could be the hormone that increases cervical 
PGE 2 , as the FSHR expression is maximal at this time and 
FSH in vitro increases PGE 2 production by the cervix. 

The bovine cervix at pre-estrus/estrus has high levels of 
FSHR protein and its corresponding mRNA. Activation of 
the receptor by FSH is associated with the G-protein-cou- 
pled receptor family that mediates the cAMP and IP sig- 
nalling pathways. These signalling pathways then increase 
the expression of cyclooxygenase and production of PGE 2 . 
The expression of the FSHR was maximal at the time of 
the FSH peak in the blood and suggests a physiological 
role for FSH in the relaxation and opening of the cervix at 
estrus. 
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The alpha(v)beta6 iutegrin receptor for Foot-and-mouth disease virus is 
expressed coustitutively ou the epithelial cells targeted iu cattle. 

Monaghan P > £oidS, Simpson J, Zhang Z . Weinreb PH . Violctte SM . Alexandersen 
S, Jackson T . 

Institute for Animal Health, Pirbright Laboratory, Ash Road, Pirbrieht Surrey GU24 
ONF, UK. 

Field strains of Foot-and-mouth disease virus (FMDV) use a number of alpha(v)- 
integrins as receptors to initiate infection on cultured cells, and integriris are believed to 
be the receptors used to target epithelial cells in animals. In this study, 
immunofluorescence confocal microscopy and real-time RT-PCR were used to 
investigate expression of two of the integrin receptors of FMDV, alpha(v)beta6 and 
alpha(v)beta3, within various epithelia targeted by this virus in cattle; These studies show 
that alpha(v)beta6 is expressed constitutively on the surfaces of epithelial cells at sites 
where infectious lesions occur during a natural infection, but not at sites where lesions 
are not normally formed. Expression of alpha(v)beta6 protein at these sites showed a 
good correlation with the relative abundance of beta6 mRNA. In contrast, alpha(v)beta3 
protein was only detected at low levels on the vasculature and not on the epithelial cells 
of any of the tissues investigated. Together, these data suggest that in cattle, 
aipha(v)beta6, rather than alpha(v)beta3, serves as the major receptor that determines the 
tropism of FMDV for the epithelia normally targeted by this virus. 

PMBD: 16186231 [PubMed - in process] 
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Urokinase-mediated posttranscriptional regulation of uroldnase-rcceptor 
expression in non small cell lung carcinoma. 

Montuori N , Mattielio A, Mancini A, Tagltalatela P . CaputilM Rossi G, Ragno P . 

Istituto di Endocrinoiogia ed Oncologia Sperimentaie, Consiglio Nazionale delle 
Ricerche, Naples, Italy. 

The urokinase-type plasminogen activator (uPA) and its cellular receptor (uPAR) are 
involved in the proteolytic cascade required for tumor cell dissemination and metastasis, 
and are highly expressed in many human tumors. We have recently reported that uPA, 
independently of its enzymatic activity, is able to increase the expression of its own 
receptor in uPAR-transfected kidney cells at a posttranscriptional level. In fact, uPA, 
npon binding uPAR, modulates the activity and/or the level of a mRNA-stabilizing factor 
that binds the coding region of uPAR-mRNA. We now investigate the relevance of uPA- 
mediated posttranscriptional regulation of uPAR expression in npn small cell lung 
carcinoma (NSCLC), in which the up-regulation of uPAR expression is a prognostic 
marker. We show that uPA is able to increase uPAR expression, both at protein and 
mRNA levels, in primary cell cultures obtained from tumor and adjacent normal lung 
tissues of patients affected by NSCLC, thus suggesting that the enzyme can exert its 
effect in lung cells. We investigated the relationship among the levels of uPA, uPAR and 
uPAR-mRNA binding protein(s) in NSCLC. Lung tissue analysis of 35 NSCLC patients 
shows an increase of both uPA and uPAR in tumor tissues, as compared to adjacent 
normal tissues, in 27 patients (77%); 19 of these 2.7 patients also show a parallel increase 
of the level and/or binding activity t>f a cellular protein capable of binding the coding 
region of uPAR-mRNA. Therefore, in tumor tissues, a strong correlation is observed 
among these 3 parameters, uP A, uP AR and the level and/or the activity of a uP AR- 
mRNA binding protein. We then suggest that uP A regulates uPAR expression in NSCLC 
at a posttranscriptional level by increasing uPAR-stability through a cellular factor that 
binds the coding region of uPAR-mRNA. Copyright 2003 Wiley-Liss, Inc. 
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Vascular endothelial growth factor expression correlates with matrix 
metalloproteinases MT1-MMP, MMP-2 aud MMP-9 in human 
glioblastomas. 

MynautC, Noel A, Hougrand O . Foidart JM. RonivgrJ Th^^M- 

Laboratory of Tumour and Development Biology, University of Liege, Liege, Belgium. 

Vascular endothelial growth factor (VEGF) is the major endothelial mitogen in central 
nervous system neoplasms and it is expressed in 64-95% of glioblastomas (GBMs) 
Tumour cells are the main source of VEGF in GBMs whereas VEGF receptors (VEGFR- 
I, its soluble form sVEGFR- 1 , VEGFR-2 and neuropilin-l) are expressed predominantly 
by endothelial cells. Infiltrating tumour cells and newly-formed capillaries progress 
through the extracellular matrix by.local proteolysis involving matrix metalloproteinases 
(MMPs). Recent studies have shown that VEGF expression and bioavailability can be 
modulated by MMPs. We reported previously that the expression ofMTl-MMP in 
human breast cancer cells was associated with an enhanced VEGF expression We used 
quantitative RT-PCR, Western blot, gelatin zymography and immunohistochemistry to 
S wx eXpre?Si0n ° f VEGF ' VEGFR-1, VEGFR-2, sVEGFR-1, neuropilin-l MT1- 

■ MMp - 2 > MMP-9 and TIMP-2.in 20 human GBMs and 5 normal brains The 
expression of these MMPs was markedly increased in most GBMs with excellent 
correlation between mRNA and protein levels; activated forms of MMP-2 and MMP-9 
were present in 8/18 and 7/1 8 of GBMs. A majority of GBMs (17/20) also expressed high 
levels ot VEGF, as previously reported, with strong correlation between VEGF and MT1 - 
MMP gene expression levels, and double immunostaining showed that VEGF and MT1- 
MMP peptides co-localize in tumour and endothelial cells. Our results suggest that the 
interplay between metalloproteinases and VEGF previously described in experimental 
rumours may also be operative in human GBMs. Because of its dual ability to activate 
MMP-2 andto up-regulate VEGF, MT1-MMP might be of central importance in the 
growth of GBMs and represent an interesting target for anti-cancer treatments. Copyright 
2003 Wiley-Liss, Inc. 
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VEGF AND MMPS 1 

MTI-MMP, MMP-2, MMP-9 and TIMP-2 in a series of 20 GBMs 
and 5 normal brains. Using quantitative RT-PCR, gelatin zyjnog- 
raphy, Western Wot and immnnohistochemistry, we showed a 
strong correlation between the expression of VEGF, MTi-MMP, 
MMP-2 and MMP-9 in GBMs. These results are in accordance 
with previous in vip-o studies and add to the evidence of an 
interplay between VEGF and MMPs in the progression of human 
GBMs. 



MATERIAL AND METHODS 

Patients 

We studied 20 GBMs diagnosed at the Laboratory of Neuropa- 
thology-CHU Liege between 1997 and 2001. The series included 
17 primary GBMs (i.e.» no previous history, of lower grade diffuse 
astrocytoma) and 3 secondary GBMs (£.*., previous history of 
lower grade diffuse astrocytoma). Clinical information on these 20 
cases have been reported previously as part of a larger series. 31 The 
gender ratio was 1/1, and the age at time of diagnosis ranged from 
41-79 years (mean 56 years). Normal brain cortex and white 
matter were obtained from 5 patients with intractable epilepsy 
treated by partial temporal lobectomy. Histological examination of 
these specimens showed severe hippocampal sclerosis; frozen tis- 
sue was sampled from microscopically normal inferior temporal 
gyri. Our study was approved by the Ethical Committee of the 
Faculty of Medicine of the University of Liege. 
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RNA extraction and cDNA synthesis 

Total RNA was extracted from cryosectjorts with RNeasy Mini 
Kit (QIAGEN GmbH, Hilden, Germany) according to the manu- 
facturer's protocol. Total RNA (1 |ig) was reverse transcribed with 
a ThermoScript reverse transcriptase (ThermoScript RT-PCR Sys- 
tem, Invitrogen, Carlsbad, CA) and random hexamers as primers. 

Primers 

: Primers pairs used in our study are described in Table L Primers 
for the VEGF gene were chosen to distinguish between YEGF tS 9, 
VEGF 165 , VEGF 145 and VEGF, 2l mRNA isoforms. lntron-span- 
ning primers and probes for the TaqMan system (primers for 
VEGFR-1 (F)HXsVEGFR-I, VEGFR-2 (KDR/Flk-1) and NRP1) 
were designed to meet specific criteria by using Primer Express 
software (Perkin Elmer, Foster City, CA]C All primers were syn- 
thesized by Eurogenlec (Liege, Belgium). The 5'- and 3'-end- 
nucleotides of the probe were labeled with a reporter (FAM. 
6-carboxy-flu6rescein) and a quencher dye (TAMRA = 6-car- 
boxy-tetramethylrhodaroine). We conducted BLASTn (National 
Center for Biotechnology Information; Bethesda) searches against 
dbEST and the non redundant set of GenBank, EMBL, and DDBJ 
database sequences to confirm the total gene specificity of the 
nucleotide sequences chosen for the primers. The specificity of the 
amplified PGR products was confirmed either by restriction digest 
or by sequencing. The 18S ribosoma) RNA was measured using 
the Pre-Developed TaqMan Assay Reagents Endogenous control 
kit from Applied Biosy stems (Foster City, CA). 



TABLE I - SEQUENCE OF PRIMERS AND TaqMan PROBES USED FOR RT-PCR STUDIES 



Gene and accession 
number 


Position 


Sequence 


Si2e 


Cycle* 


MMP-2 FP 


1740F 


5'-AGATCTTCrTCTTCAAGGACCGGTT-3' 


225 bp 


33 


MMP-2-RP . 


1964R 


5VGGCTGGTCAGTCGCnTGGGGTA-3' 






NM_004530 










MMP-9-FP 


1592F 


5'-CCGGAGATTGGCAACCAGCTGTA-3' 


208 bp 


37 


MMP-9-RP 


1800R 


5'-GACGCGCCTGTGTACACCCACA-3' 






J05070 








32 . 


MMP-14-FP ' 


1288F 


5'-GGATACCCAATGCCCATTGGCCA-3' 


221 bp 


MMP-14-RP 


I508R 


5'-CCATTGGGCATCCAGAAGAGAGC-3 f 






NMJXW995 








■" 33 


TTMP1-FP 


: 78F 


5'- CATCCTGTTG1TGCTG TGGCTG AT-3' 


168 bp 


TTMP1-RP 


245R 


5'-GTC ATCTTG ATCTC ATA A CGCTGG-3 ' 






M 12670 








30 


T1MP-2-FP 


78F 


5 CTCGCTGG ACGTTGG A GG AA AG A A 3 ' 


155 bp 


TTMP-2-RP 


245R 


5'-AGCCCATCTGGTACCTGTGGTTCA-3' 






NM 003255 






479 bp 


33 


VEGFFP 


1208F 


5'-CCTGGTGGACATCTTCCAGGAGTA-3' 


VEGF-RP 


1687R 


5 r -CTCACCGCCTCGGCTTGTCACA-3' 


407 bp 




AH001553 






347 bp 








275 bp 




28S rRNA-RP 


12403F 


5'- GTTC ACCC A CTA ATA GGG A ACGTGA - 3 ' 


212 bp 


. 19 


28S rRNA-RP 


126I4R 


5 > -GATTCTGACTTAGAGGCGTTCAGT-3' 






U13369 








40 


VEGFRJ-FP 


2438F 


y-TCCCTTATGATGCCAGCAAGT-3' 


79 bp 


VEGFRI-RP 


25I6R 


5'-CCAAAACCCCCTClTCCAA-3' 






VEGFRI Probe 


2469 


5' - CCGGG AG AG A CTTA A A CTGGGC A A ATC A- 3 ' 






AF063657 








40 


sVECFRl-FP 


2209F 


y-ACAATCAGAGGTGACCACTGCAA-3' 


180 bp 


sVEGFRI-RP 


2388R 


5'-TCCGAGCCTGAAAGTTAGCAA-3' 






sVEGFRl Probe 


2257 


5'-TCCAAATTTAAAAGCACAAGGAATGATTGTACCAC-3 f 






U0I134 








40 


VEGFR2-FP 


79IF 


5'-CTTCGAAGCATCAGCATAAGAAACT-3' 


156 bp 


VEGFR2-RP 


946R 


5'-TGGTCATCAGCCCACTCGAT-3' 






VEGFR2 Probe 


820 


5'-AACCGAGACCT.AAAAACCCAGTCTGGGAGT-3' 






AF063658 








40 


NRPI-FP 


183^ 


5'- CAC AGTGG A ACA GGTG ATGACTTC- 3 ' 


112 bp 


NRP1-RP 


1942R 


5'- A ACCATATGTTGG A A A CTCTGATTGT-3'. 






NRP1 Probe 


1883 


5'-CCACAGAAAAGCCCACGGTCATAGACA-3' 






XM 034725 
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i^uV^Nf, . Normal brain (b,ad[ 5 P°' S > and GBMs (white 
spois) roRNA levels are expressed as normalized values (as described 

scnls the mean of 3 separate experiments. 

^/*?m/ quantitative PCR for MT1-MMP, MMP-2, MMP-9 
T1MP-2 mRNA and. VEGF mRNA isoforms 

fn^S™ M MP-9, TIMP-2 and VEGF mRNA iso- 

,89 ? EG VJ EGF »« ™* VEGF m> wc « "in- 
sured » 10 ng ahquots of cDNA using Taq polymerase (Takara, 

Shiga, Japan) and 5 pmol of each primers (Table J). The thermal 
cyc],ng condmpns included 2 min at 95°C for denaturation and 

n£r%Z 1 f °? I 5 ^ 94 ° C > 20 sec al 'W°C and 20 sec at 
w<£ ( ^>o C ^ VEGF isofonm > wit " a fin^ incubation 2 min at 

' 1m WK^'^'nT ' eSO)Ved ° n 2% Nusicve 3:1 agarose 
gels (BioWhittaker, Rockland, MD) and analyzed using a Ruor-S 

Mulolmage! (Bio-Rad Hercules, CA) after ethidium bromide 
stam.ng. Specific mRNA levels were expressed as the ratio of 
specific transcnpls/28S transcripts. Experiments Were repeated m 
least 3 limes in duplicate. 

Real-time quantitative PCR for VEGFR-J, sVEGFR-J VEGFR-2 
and NRP] mRNA . ' 

ReaMime quantitative RT-PCR analyses for VECFR-) 
sVEGFR-I, VEGFR-2, NRPI mRNAs and 18S rRNA were cal' 
ned out usmg tbe ABJ PRISM 7700 Sequence Detection System 

17 3 SOf ' Ware (PE App,ied ^systems). The sequences 
ot the PCR pnmer p 3) rs and fluorogenic probes that were used for 
each gene are shown in Table I. A standard curve was generated by 

snr^lm T" ° f p,aCema cDNA to cove ' rh <= "nge of 
MJ.U00-80 ng and was run in duplicate during every experiment 
For each experimental sample, the amount of target °ene was 
determined from this standard curve. The relative expression level 
of the target gene was normalized against 18S rRNA to compen- 



^mw Va ^ atl ° I ! of RNA and the amount of input 
( p ff""^ manufacturcr VB Applied Biosystems 

U ? T J?l tUn 2) ' rcR was out with the TaqMan Uni- 

"rSS ^ T T MlX (A| ^ lied Bio ^tems) using 5 pi of diluted 
cDNA , (equivalent to 10 ng total RNA), 200 nM of the probe, and 

mixture. After a 2 min 
incubation at 50*C to allow for UNG cleavage, AmpliTaq Gold 
was actmted by an incubation for 10 min al 95°C Each of the 40 
PCR cycles consisted, of 15 sec of denaturation at 95°C and 
hybridization of probe and primers for 1 min at 60°C 

To confirm ^ amplification specificity, the PCR products were 
also exammed. by subsequent 2% agarose gel electrophoresis. 
Experiments were repeated at least 3 times in duplicate. 

immwwhistochemisiry for VEGF and MT1-MMP 

k 60 ^ 5 (4 ^ d ? idt) were 01,1 flom formalin-fixed, paraffin 
embedded turnour tissue. They were hydrated through graded 

?? T,^-^ in (03% 15 Sections were 

amocJaved for 11 mm at 126*C in citrate- buffer P H6 for antigen 
retrieval (Dako, Glostnip, Denmark). Fot double irnmunostaining 
: D ^ a f^ in P rimar y monoclonal Ab anti-MTl- 

^Tr L m ( ?r° gCnC Rcsearch San Diego, 

CA) followed by peroxidase-conjugated EnVision (Dako); ImrrTu- 
noreactivity was visualized with 33Miammobenridine (DAB+, 

toS T^ 6 " iP CUba!cd Pomona! Ab and- 

VEGF 1.150 (Santa Cruz, Santa Cruz, CA) for 1 hr at room 
^mperature followed by alkaline phosphatase-conjugated En- 
Vismn (Dako). Immunoreactiviry for VEGF was visualized with 
Fast Red chromogemc substrate (Dako). Single immunostaining 
was also carried out on serial sections using each primary antibody 
alone with U,e conesponding enzyme-chromogene combination 
Negalrve controls were obtained by omitting the primary anlibod- 
les. . 

Gelatin zymography assay 

MMP-2 and MMP-9 activities were quantified by gelatin zy- 
mography on 2 normal brains and 38 GBMs. Ten cryosections (10 
|JlM) were homogenized in buffer (0.1 M Tris-HCl pH 81 04% 
Triton X-100) and centrifuged for 20 min al 5,000f. The pellets 
were discarded. 25 p.g of total protein from homogenate supema- 
tants were mixed with non reducing sample buffer (623 mM 
Tns-HCl pH 6.8; 2% SDS; 10% glycerol; 0.1% bromophenol 
l^ r 2 >horescd di «ctly on 10% SDS-polyacrylamide 
gels (SDS-PAGE) containing 0.1% gelatin (w/v).^ After electro- 
phoresis, gels were washed for 1 hr at room temperature in a 2% 
V. 11 ? X " 100 so]ulion <o remove SDS, transfened to a buffer 
(50 mM Tns-HQ, pH 7.6. containing 10 mM CaCy and incu- 
bated for 18 hr at 37°C Gels were stained for 30 min with 0.1% 
(wAv) Coomassie brilliant blue G250 in 45% (v^ methanol/10% 
-(v/v) acetic acid and destained in 10% (v/v) acetic acid/20% (v/v) 
methanol. Gels were analyzed with Quantity One software (ver- 
sion 4.2.2, Bio-Rad Laboratories, Hercules, CA) after densitomet- 
ry scanning of the gels using a Fluor-S Multimager (BioRad). 

Western blot 

i ^oVI^T P r ° ,cin ,CVe,s wcre ^yzed in 2 normal brains and 
V B I 8 ' 21 " M,rac, s (25 p-g) were mixed with 1/2 sample 

buffer [0.25 M Tns ( P H6.8X 10% SDS (w/v), 4% sucrose (v/v) T 
a k rca P ,octhano1 ( v/v ) a »d 0. 125% bromophenol blue (w/v)} 
and boiled for 5 nun. They were separated on 10% SDS-PAOE 
gels and transfened to a PVDF filter (NEN. Boston, MA). After 
blocking w,ih 5% milk (w/v), 0.1% tween 20 (w/v) in PBS for 2 
hr at room tempeiature. membranes were exposed io the primary 
antibody (JO ng/ml, clone 1I3-5B7, Ab-4. Oncogene Reseaich 
Products, San Diego, CA) at 4°C overnight followed by incubation 
with a horseradish peroxidase-conjugated rabbit anti-mouse anti- 
body (1.3 tig/ml, Dako, Giostrup, Denmark). Signals were de- 
tected w»ih an enhanced chemoluminescence (ECL) kit (NEN. 
Boston, MA). The relative intensities of the immunoreactive bands 
were analyzed w.ih Quantity One software (version 4 ? 2 Bio-Rad 
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Figure 2 - MMPs and T1MP-2 mRNA quantifica- 
tion, (a) Representative 2% agarose gels of RT-PCR 
products for MTl-MMP, MMP-2, TlMP-2 and 
MMP-9 in 2 norma] brains (NB) and JO GBMs. (b) 
Scatter plots (as described in Fig. I). Experiment was 
repeated at least 3 tones in duplicate. 
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Laboratories) after densitometric scanning of the X-ray films using 
a F)uot-S Mu)t imager (Bip-Rad). 

Statistics 

VEGF, . VEGFRs, MMPs and TlMP-2 expression, values in 
GBMs were correlated using Spearman's test. Correlation was 
considered significant for 2-tailed p-value < 0.05. Statistical anal- 
ysis was carried out using the Prism 3.0 software (GrapbPad, San 
Diego, CA). 

RESULTS 

Expression of VEGF and VEGF receptors 

VEGF mRNA was present in normal brains (295-375, arbitrary 
units; mean = 322) and in all GBM samples (2J7-5J 12; mean = 
1/774) as reported previously (Fig. I). 31 In most GBMs, VEGF 
mRNA levels were raised 2-15-fold above normal brain values. 
The most abundant isoforrn in all cases was VEGF )65 „ followed by 
VEGF 1?II VEGF JB9 and VECF W5 (data not shown). VEGFR-1 
expression was found at similar levels in GBMs (89-357: mean = 
182) and normal controls (154-198; mean = 181). There was no 
correlation between VEGFR-J and VEGF mRNA levels ip ~ 
0.35) in GBMs. VEGFR-2 was expressed in all GBMs (48-582; 



mean = 210) and in 8/20 cases at least twice normal values 
(87^1)1; mean = 103). VEGF and VEGFR-2 expressions were 
correlated significantly ip = 0.0035) in GBMs. NRPl expression 
varied broadly between GBMs (75-3,260; mean = 1,061) con- 
trasting with a constant baseline expression in normal controls 
(383-397; mean = 390). In rumours, NRPl correlated with 
VEGFR-2 {p = 0.0119) but not with VEGF ip = 0:084), nor 
VEGFR-1 ip = 0.066). sVEGFR-1 was expressed at low levels 
both in normal brains (84-92; mean - 87) and GBMs (25-208; 
mean = 101). sVEGFR-1, however, was found to correlate with 
VEGFR-1 ip = 0.0289), VEGFR-2 ip - 0.0029), and NRPl ip - 
0.0027) but not with VEGF ip = 0.053). 

Expression of MMPs and TlMP-2 

MT1-MMP, MMP-2 and MMP-9 weTe expressed in both nor- 
mal brains and GBMs but at much higher levels in the latter (Fig. 
2a). MT1-MMP mRNA levels were constantly higher in GBMs 
(34-202; mean = 106) than in normal controls (3-29; mean - 
15). MMP-2 and MMP-9 mRNA levels were higher than controls 
in 18/20 and 14/20 cases respectively (Fig. 2b) and correlated with 
each oiber ip = 0.0187). MT1-MMP mRNA levels correlated with 
MMP-2 ip 0.0008) and MMP-9 ip = 0.005). TIMP-2 had a 
non-discriminative distribution in relation lo the controls. TlMP-2 



852 



MUNAirr etal 



o 

to 
o 

P 
X 



Nl 



GBI GB2 CB3 GB4 6B5.. 6B7 



F¥o-MMP2 
MMP2 




Pro-MMP9 
MMP9 

Pro-MMP2 

MMP2 



X GB8 6B9 GB12 GB13 &14 GB15 GB16 GB17 




N 


GBMs 




1 2 


12 3 5 7 8 9 12 -f 




Pit 




— 60kDa 




13 14 17 18 20 22 16 + 








— 60 kDa 



£ GB18 6B20 6B2I GB22 




Pro-MMP9 
MMP9 

Pro-MMPZ 
MMP2 



^^y** v~ Zymographic analysis of MMP-2 and MMP-9 in. ti«iif> 
TABLE »-°^^ ^ fl!!iWMB| OF 



namn^lf?^"'.''^ min S ,he <** antibody (clone 



TABLE ». W^g^VH^^^ _ 

• FROM SPEAR MAMfC Tipfp" UcRfYED 



MTI-MMP 



MMP-2 



MMP-9- 



VEGF 

VEGFR-1 

VEGFR-2 

NRP) 

sVEGFR-1 



0.0250 
0.0073 
<0.0001 
O0053 
0.0313 



TDVJP-2 



0.0245 
0.0710 
O.0J68 
0.1334 
0.0469 



. 0.0053 
<0.0001 
0.0004 
0.2457 
0.0194 





proMMP-9 


Nl 


0.41 


N2. 


0.28 


GB1 


9.00 


GB2 


4.28 


GB3 


1.67 


GB4 


1.40 


GB5 


0.47 


GB7 


5.29 


GB8 


5.75 


GB9 


5:02 


GB12 


5.08 


GB13 


6.86 


GB14 


5.59 


GB15 


8.00 


GB16 


5.55 


GBI7 


6.61 


GB18 


14.79 


GB20 


18.85 


GB21 


16.52 


GB22 


20.66 > 



Grlaiia 


2/mograpby ■ 


MMP9 


prcMMP-2 


0.00 


1.52 


0.00 


083 


1.25 


2.45 


0.00 


2.88 


0.00 


2.86 


0.00 


4.33 


0.00 


1.15 


0.00 


U2 


3.78 


4.63 


0.00 


4.09 


0.00 


4.79 


4.58 


4.93 


6.75 


5.53 


0.00 


5.13 


1.10 


5.66 


2.04 


6.00 


4.34 


8.20 


0.00 


2.12 


0.00 


2.37 


0.00 


5.11 



0.0094 
0.4542 
0.0153 
0.5480 
0.2563 



] Ea tracts expressed as arbitrary 
blastoma; ND, n0 | determined. 





.Western blot 
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035 
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units. N, normal brain; GB, glio- 



O^Th'f d ^^"'MMP (p = 0.0019) and MMP-2 ip «. 
0.0002) but do! with MMP-9 {p = 0.1408). 

Kcftrf in ,t n i8 S^-P 10 — P-o-MMP-9 were de- 
eded mite 18 GBMs and 2 controls examined (Fig 3 Table 1J> 
In most GBMs, levels of these inactive forms were bigne, *„ „ 
normal brains and were correlated iviih »k - - 
levels (MMP2; p < o.m^P 9 1" 0 o7( ZTS'Z'r ^ 
MMP-2 irWt Mmp n „ . p - u -°" Ac,iva 'ed forms of 

,yZ MMP-9 were not found in norma) brain By conlrasl 

Sri Zmp^ '", T (MMP 2 > and 7/18 <^P-9) GBM ' 
MTI-MMP pro.e, D levels were quantified by Weslem bio. in 15 
GBMs and 2 normal brains (Fig. 4. Table U). They were i nifi 



(/> - 0.0Z26} bni not with activated MMP-9 levels (a = 0 nfii 
n e ^. MT1MMP protein and mRNA "e were 
ated s.gnjficanUy (p = 0.089). arguing for a predomSv 

scnptiooal regulation in GBMs: • " 

Correlation between VEGF network and MMPs 

MT^t^L 0 ^ G¥ and VEGF recc P"« were compared to 
MTI-MMP, MMP-2, MMP-9 and TJMP-2 (Table 111). There w» 

MMpSp^ a ri D b 0 ,Ween ^ GF ~P ressi °» -« mt" 

^ ^ ^MM p - 9 A similar correlation was also ob- 
served between VEGFR-2 and MMPs. JnleTesiingly T1MP-2 a- 

^vEG^r with to aDd vEGFjf - 2 b - - Wilh 

Immunohistochemistryfor VEGF and MTI-MMP 

theTi a £ l G cdLTs~ C, ^ ty Sh0W " in ^ !umour ajld ^do- 
inejjai ceJIs, as prevjously reported (Re. 5a J?) 31 Bv single imm» 

nosjaimng MTI-MMP was'detected In JL^^Z a 

a si ^,„ y P T C K S r ?' nS <R S- 5c ^- MTI-MMP positiviry was 
, nuhf^ eDd01 . hthal ce,,s a » d Perivascular cells (Fig 5c). By 

and^MTl-MMP in the cytoplasm of numerous tumour cells (Fig 



DISCUSSION 

GBMs are highly malignant tumours with poor prognosis. They 

V P rFT{%^" 0VaSCU,ar P roIif «alion and express high levels of 
. Vttjl " 15 a sl,on 8 mitogen for endothelial cells thereby 
promoting angiogenesis. Previous reports^ have suggested that 
VEGF also st.mulates tumour cell invasion, migration artd survival 
.n malrgnant epithelial cells through an autocrine loop by which 
oppression of MMPs induces VEGF secretion and leads to 
apaTnT,^ ""Pl'fcwwj of cell proliferation and protection 
aga.ns, apoptos.s^ We and others reported previously that in human 
melanoma and breast carcinoma cells. MTI-MMP upregulates 
express.on whereas T1MP-2 reduces it Therefore the 
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Figure 5 - Inuimnohistocbeijiis- 
xiy (scale bar = 50 um). (ojb) VEGF 
positive tumour and endothelial cells 
(plain anows) show granular red 
staining of the cytoplasm. Negative 
cells (empty arrow) are seen in their 
close vicinity, (c) MTI-MMP posi- 
tive cells show a strong brown cyto- 
plasmic staining. They include tu- 
mours cells (plain arrow) and 
endothelial cells, (empty arrow), (d) 
MTI-MMP positive tumour cells 
(plain arrow) are mixed with nega- 
tive cells (empty arrow), {ej) Double 
staining with VEGF (red) and MTI- 
MMP I (brown). Double positive tu- 
mour cells (plain arrows) contrast 
with negative or single weakly pos- 
itive cell (empty arrow). 



pericellular proteolysis mediated by MTI-MMP in GBMs could 
also induce an autocrine loop resulting in enhanced VEGF expres- 
sion. In rum, VEGF could act as a paracrine factor on endothelial 
cells to stimulate angiogenesis or possibly as an autocrine factor 
promoting glioblastoma cells survival-migration and invasion as 
demonstrated recently in the various tumour cell culture models. 

We compared the expression of VEGF and its receptors with 
MTI-MMP, MMP-2 and MMP-9 in 20 GBMS and 5 normal brains. 
The expression of these MMPs was markedly increased in most 
GBMs with excellent correlation between mRNA and protein levels. 
MTI-MMP expression has been shown previously to correlate with 
glioma aggressiveness and its transfecrion in different rumour cell 
lines triggers an angiogenic phenotype and promotes rumour 
growth. 20 ^ 8 - 3036 - 3 * A majority of GBMs ( 17/20) also expressed high 
levels of VEGF, as previously reported, with a strong correlation 
between VEGF and MTI-MMP gene expression levels. Double in> 
munostaimng studies showed corexpression of VEGF and MTI- 
MMP by the same tumour cells. These data suggest that the transcrip- 




tional control of VEGF by MTI-MMP could be operative not only m 
vitro but also in vivo in human GBMs. 

MTI-MMP could also promote the growth of GBMs by its 
ability to activate MMP-2 in the presence of low concentration of 
T1MP-2.*' 0 Pro-MMP-2 activation occurs after the formation of a 
ternary complex that contains pro-MMP-2 linked to cell surface 
MTI-MMP via a TIMP-2 bridge. In accordance with this hypoth- 
esis we found that MMP-2 activation occurred in 8/18 of our 
GBMs 20 - 41 among which 7/7 tested for MTI-MMP showed h>gh 
contents of this protease. 

Activated MMP-9 was also found in 7/18 of our GBMs. This is 
an interesting finding as active MMP-9 is able to mobilize VEGF 
from its ECM reservoir. 3 * Therefore, MMPs could promote 
VEGF-mediated angiogenesis in GBMs by both transcriptional 
(MTI-MMP) and post translational (MMP-9) mechanisms. 

VEGF binding to VEGFR-2 triggers the proliferation and mi- 
gration of endothelial cells whereas its binding to VEGFR-1 has 
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orooQtecffebts on glioblastomacell lj„„.>"2 j„ o^ay, VEGF 

^'•?™ C ? lrela ' ed wi,h VEGFR-2 but not VEGFR-I 
NRP1 and .VEGHM. Collectively our data suggest that GBMs 

S^' fiC "? C ° mpleX pattem rf VEGFrUepton, Uans- 
ducmg VEGF s.gnaling toward cell proliferation and migration 

hJ^T^ T StUdy to for an interplay 

between metaUoproteuiases and VEGF in human GBMs as nreri- 

S^S^" '™- Because of X S 

to acdvate MMP-2 and to up-regubte VEGF, MT1 -MMP mighibeof 
eunl importance m the growth of human glioblastomas and freW 
sent an mleresnng target for antMancer treatments. 
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DNA hypermethylation is a mechanism for loss of expression of the HLA 
class I genes in human esophageal squamous cell carcinomas. 

NkV. YanfcG, Song Y, Zhao X. SoC. UaoJ,\V M& LD J Yang CS , 

Laboratory for Cancer Research, College of Pharmacy, Rutgers-The State University of 
New Jersey, 164 Frehnghuysen Road, Piscataway, NJ 08854-8020, USA. 

The three human leukocyte antigen (HLA) class I antigens; HLA-A, HLA-B and HLA-C 
play .mportant roles in the elimination of transformed cells by cytotoxic T cells. Frequent' 
loss of express.on of these antigens at the cell surface has been observed in many human 

t^S?,- ST 5 , me f anism f fo f P^-transcriptional regulation have been proposed and 
tested but the molecular mecnamsms for transcriptional regulation are not clear We show 
by immunohKtochenustry that the HLA class I antigens are absent in 26 of 29 (89%) 
samp es of human esophageal squamous cell carcinomas (ESCC). Eleven of the 26 ESCC 
samples lost mRNA expression for at least one of the HLA genes, as shown by RT-PCR 
DNA fion .the 29 pairs of ESCC and neighboring normal epithelium were examined for' 
CpG <s and hypermethylation, homozygous deletion, microsatellite instability (MSD and 
loss of heterozygosity (LOH). DNA from normal epithelial tissues had no detectable 
methylation of the CpG islands of any of these gene loci. Thirteen of 29 ESCC samples- 
(45 /.) exlubited methylation of one or more of the three HLA loci and six samples (21%) 
exhib. ed methy ation of all three loci. The HLA-B gene locus was most frequently 
methylated (38%). HLA-B mRNA expression in an ESCC cell line, where HLA-B was 
hypermethylated and did not express mRNA, was activated after treatment with 5-aza-2'- 
deoxycytidine. Homozygous deletion of these three gene loci was not observed 

f^te^l 1011 ^ MSI WCre ° bSerVed f0r * e mi crosatelHte markers 
D6S306, D6S258, D6S273 and D6S1 666, Cose to the HLA-A, -B and -C loci, although a 

, WaS observed at a nearfc y l0CU! = (represented by the markers D6S1051 
and D6S1560), where the rumor suppressor gene p21(Wa.fl) resides. A strong correlation 

was observed in the ESCC samoles 

P^rrlu !Sr te - HLA d3SS 1 gGne eXpression Was fre£ l uent, y ^own-regulated in' 
ESCC at both the protem and mRNA levels and that hypermethylation of the promoter . 
regions of the HLA-A, -B and -C genes is a major mechanism of transcriptional 
inactivation. F 
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czzt, f fr synovi , a ' sar<io,na <ss) - heU«„"™s s 

estabiish basal of ffl£E2 mRNA t V^" 5 ^ USCd ' to 

nonnal tissues and SSs Rnnrof n «ER2/neu transcnpts were detected in all 

lower nsk of "1^^^^^^^ ^ Wi * 3 

T4pi?o/ recurrences (i> - <102)_ Moreover, none of the oatienK with 

SSS^ met3StaSiS - ° Ur data demons ^ e 'ha hSI is 

expressed in SSs and that both membrane and cvtonlasmir HFnow,. "^^ncu is 
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Molecular and Immunohistochemical 
Analysis of HER2/neu Oncogene in Synovial 
Sarcoma 

KSf rSo^, NI NUC,F °RO- MD. CATERINA PELLEGRINI PhD 
?on S A N MARCO MAGGIONl MD. ' 
GUIDO COGGl MD, ANTON/NA PARAFIORITI MD 
AND SILVANO BOSARL MD <>™<iil, MD. 



An^bBcaaon o«r«p,e«i„„ of HER2/nen have been 

many types of epithelial nuno, and recently has be™ 

stood. Tlus a,,, p,^, ^ ^ ^ 

nE ° m J 3 P"" 3 "* ^vial sarcoma (SS). In this stud, HERI/ 

e^eT "^'P-o-POl)™™. chain action asJ^o- 

SJ"""!™ assessed by irnmunohistochemistry uri^i Lj. 
HER2/»ea polyclonal antibody. Six oo m J skeleul m «7le specv 
m^ W e used .„ establish basal Wis of ITKR2/neu mRNA- 

■*xtK-</net» transcripts were delected »n -»rl 1 • 

r- » . - "cieciea in UJ normal tissues and SSs 

^1 "T '!!. %) de °' 0nara " d le^s 
abo~ .he mean ^ ^ereas J ^ (faplayed HER2/m „ 

T M IZT P " 5S,OB - ,k " h m ™«™ »<» cytoplasmic patterns 
of >mn, U »„ sl am„ g were observed, and a strong correlation^ 

turned? SarC ° m ? (SS) " a E8 rcssivc s <>" ^ 
~Tk inri accounls / 0 f "P to 10% of sarcomas, with a 
peak tnctdence >„ adolescents and young adults This 
umor occurs ,n 2 major forms, biphasic aftd monopT 
'l'" '< cylogencucalry characterized by .he t(X- 
18)(pl],<,n) translocation, found in >95% of cases' 
Although traditional* considered ,„ be a high 'rale 

Z7n X\lT n n " VeS,i 6 a,ions have suggested^, dif- 
lori". a mf,Uence P^g"osis, including morpho- 
OgKal and cytogenebc features, treatment straJies 
the plcndy status, and the apoptolic index 1 ' 

such a, e ,K eVCl ° Pm C em ° f ,>eW <hm P^& advancements, 
oresenT SP r* 8 " 5 " 8 ° f molcc "l^ alterations 
present , n human mahgnancies, has brought to light the 
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® 2003 r.Isr!,,-, \rK. aii ,i K bi3 ■rsrrvrd 
0O1M177/0V3.IO7-0O02J3O.0O/0 
JofclO. 101 l>/SOO«>8l7;(03%00238-7 



found between proteta expression and mRNA le^l (f> = 0 w \ 

Our data demonstrate that HER2/n<-.i i. , *" rr 

hoik k„ j -mii/Den ij trpressed In SSs and that 

boU, membrane and cytoplasmic HERJ/neo expression correlate 

7ut. F !S" ' IT SSS B =ttSOCia,ed » more fa«raMe clmical 
donal anbbodies m .he «»,„, regbnem for ,his malie^nc, ' 

reverse n^oon^^erase cbain reacnon.^c^l sarcoml' 

need to idenufy not only prognostic factors, but ako 
.umor features that are predictive of response to therapy. 
Une of the most extensively studied molecular 

?hf HFR 2/ ^ " H£R - 2 /" e " P-tooncogene. 
the HER-2/neu oncogene (also known as c-erbB-2) 
located on chromosome 17 q 21, is a member of the 
rjTosme ktnase receptor family and encodes for a 1&5- 
ktlodalton protem that shows 50% homology with the 
epidermal growth factor receptor.'-* This gene is 3m - 
pUhed.and/or overcxpressed iri'20% to 30% of breast 
cronomas • and in various other tumors, 6 and usually 
15 M5 °7" a I et) Mlh ,un,or aggressiveness and poor prog- 
"™„. SeVC7aJ s,udi « "« supported the value of 
HtR-2/neu lo predict the response to chemotherapy in' 
breast cancer and the use of recombinant humanized 
anubod.es to ffER-2/neu pto.ein (Trastuzuxnab) in the 
care of pafents with advanced, meto.atic breast tumors ' 
has been approved. 9 • 

The role of HER-2/neu 3ciiv a ,ion in soft tissue 
tumors remans poo,] y understood, and scruce molec- 
ulai data backing UDmunohistochcnical studies have 
been reported. HER-2/ncu pio.em e.pressmn ^ im . 
munoh )5t ochemkaJly Mudied in 204 satcomas. includ- 
ing b SSs, and ovcrcxprcssion .vas absent in all these 
malignajn mesench>Tnal neoplasms ,p 

RccenOy, HER-2/neu altexauons have beer, de- 
senbed u, oMeosarcoma, ^th a high incidence of pro 
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TABLE 1. Clinicopalhologic Features of 13 Patients With SS 



No. 


Agc(y)/G 


Site 


Subtype 


Surgery 


Chemo/Radk> 


Rec 


Mets 


HER2 


FU(roo) 


I 


68/F ; 


KI 


MF 


RR 


No 


Yes 


Yes 


L 


108 


2 


7l/F 


KE 


. BF 


WA 


No 


No 


No 


L 


12 


3 


27/M 


KJ 


. BF 


' ME 


Yes 


Yes 


Yes 


L 


24 




39/M 


T 


MF 


WE 


Yes 


No 


No 


H 


48 


5 


15/M 


N 


MFJD 


WE 


Yes 


No 


No 


H 


48 


6 


41/F 


F 


MF^D 


WA 


Yes 


No 


• No 


H 


48 


. 7 


57/F 


KI 


MF 


WA * 


No 


N/A 


N/A 


L 


N/A 


8 


48/M , 


F 


BF^D 


ME 


Yes 


Yes 


No 


L 


36 


9 


29/F 


T 


PD 


WE 


Yes. 


Yes 


Yes 


L 


36 


10 


27/M 


KE 


BF 


WE 


No 


No 


No 


H 


24 


11 


62/F 


A . 


MF 


WE 


No 


Yes 


No 


L 


24 


12 


62/F 


F 


MF 


WA 


No 


No 


No 


L 


2 


13 


34/F 


L 


MF 


RR 


No 


No . 


No 


L 


2 



Abbreviations: Age, age ai diagnosis; G,. gender; M, male; F, female; Site, anatomic location; KI, knee, intra-articular; KE, knee; 
eMra-articular; T, thigh; N, neck; F, foot; A, arm; U leg; Subtype, histological subtype; MF, monophasic fibrous; BF, biphasic; MF-FD, 
monophasic fibrous with poorly differentia ted areas; BF-PD, triphasic with poorly differentia led areas; PD, poorly differentiated; Surgery, 
primary surgical therapy; RR, radical en bloc resection; WA, wide through-bone amputation; ME, marginal en bloc excision; W^Jwide en bloc 
exrision; Chemo/Radio, adjuvant postoperative chemotherapy and/or radiotherapy; Rec, recurrence; Mets, presence of metastasis; HER2, 
HER2 mRNA expression; L, low expression; H, high expression; FU, follow-up status; N/A, not avaible. 



tein expression, ranging from 42% lo 61 %. n " 15 Indeed, 
despite Jimited information on Her2/neu in this type 
of malignancy, based mosUy on immunohistochemical 
findings, 2 clinical trials of Trastuzumab have been 
initiated for recurrent and metastatic osteosarcoma pa- 
tients (http://wwwxancer.gov/clinical_trials; MSKCC- 
99097/NC1-T98-0083 and COG-AOSTD1 21 ). 

Therefore, we evaluated the mRNA expression and 
the gene product of HER-2/neu in 13 SS patients using 
real-time reverse transcription-poJym erase chain reac- 
tion (RT-PCR) and immuriohistochemistry. To the best 
of our knowledge, this is the first report documenting 
increased levels of HER-2/neu mRNA and protein 
in SS. 

MATERIALS AND METHODS 

Patient Population 

Thirteen patients with primary SSs, obtained from the 
files of the Department of Pathology, Caeiano Pini Orthope- 
dic Institute, were included in this study. Cases were chosen 
based on the availability of frozen primary rumor. Patient age 
ranged fiom 15 to 71 years (mean, 44.6 years). Anatomic sites 
included the knee (5 patients, 3 intraarticular), thigh (2 
patients), foot (3 patients), arm (1 patient), neck (J patieDt), 
and lower )cg O pstient). The histological sub^jx-s were 3 
biphasic (BF), 6 monophasic fibrous (MF), 2 monophasic 
fibrous with poorly differentiated areas (MF-PD), 1 biphasic 
with pooiry diffeientiated areas (BF-PD), and ] poorly differ- 
entiated (PD). Clinical staging was 1IB for all the patients. 
Local surgical excision was performed in 9 pa den is; amputa- 
tion, in 4 pari ems. Recurrence was observed in 5 cases with 
subsequent amputation (3 patients) and local excision (2 
patients). Metastasis occurred to lung (2 patients) and ingui- 
nal lymph nodes (1 patients). Five patients received adjuvant 
postoperative chemotherapy, and 1 patient (case 4) was 
tteaied wiih chemotherapy associated with radiotherapy. Fot- 
Jow-up ranged from 2 to 108 months (mean, 34. 3 months). 
Oinicopaihologic data are summarized in Table 1. 



Pathologic Studies and Frozen Tissue 
Selection 

In all cases, the primary tumor was available' for study. 
Surgically resected tumor tissues were partly snap-frozen in 
liquid nitrogen and stored at -80°C for RNA extraction, and . 
partly fixed in buffered formalin and embedded in paraffin 
blocks. Hematoxylin and eosin-stain ed sections were reeval- 
uated and graded according to FNCLCC grading system. 16 
Frozen tissue blocks were handled as follows; 4- fir thick frozen 
sections were cut and stained with hematoxylin and eosin to 
determine the percentage of tumor cells present in the spec- 
imen. We used tissue blocks with tumor cells comprising 
more than 80% of the specimen. About 10 20-u-ihick sections 
were collected into Eppendorf tubes. Another 4-u-thick fro- 
zen section was cut after the serial sections and examined by 
light microscopy to guarantee the percentage of tumor cells 
collected. Trizol (life Technologies; Gibco BRL, Gaithers- 
buTg, MD) was used for RNA extraction, according to the 
manufacturer's protocol. RNA was quantified spectrophoto- 
merrically. 

cDNA Synthesis 

Total RNA (200 ng) was re verse- Iran scribed in a total 
volume of 50 jiL containing 1 X TaqMan buffer, 5.5 mmol 
MgClj, 1 mmol deoxynucleotides, 2.5 fimol random hex am- 
ers, 20 U RNase inhibitor, and 62.5 U MuLv reverse transcrip- 
tase. The samples were incubated at 25°C for 10 minutes, 
48*C for 30 minutes and 95°C for 5 minutes. 

PCP Amplification 

Amplification reactions were performed with the Univer- 
sal TaqMan 2 X PCR master mix in a volume of 25 con- 
taining 300 nmol of each primer, 100 nmol of probe, and 5 
jjL of cDNA: Both p-acrin and HER2/neu amplification were 
done in duplicate for each sample. 

The theimal cycling conditions included 2 minutes at 
50 C C and 1 0 minutes at 1>5°C, followed by 40 cycles of 95 = C for 
15 seconds and 60°C for 1 minute. All reagents used for 
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RT-PCR were purchased from Applied Biosystems (Foster 
Gry, CA). 

Primeis ond Probes 

Primers and probes for>actm and HER2/neu mRNA 
were chosen using (he computer program Primer Express 
uJSS, B,os y slcnis )- Sequences of the forward primer for 
HER2/neu mRNA (CenBank accession number X03363) 
were 5'-TCC TGT GTG CAC CTG CAT CAG3' and .he 
reverse pnmcr 5'-CCA AAG ACC ACC CCC AAG A 3'- the 
sequence of the TaqMan probe was 5' (FAM)-ACC AGA ATG 
CCA ACC ACC GCA CA-<TAMRA)-3\ Sequences of the for- 

Vr^?^ mCr *°l mRNA ^nBank accession number 

X00351) were STCC TTC CTC CCC ATG GAG-3' and the 
reverse primer 5VAGG AGG AGC AAT GAT CTT GAT CTT- 

^ ^JPfJSf ? f * c J[ at i Ma n P Tobc was ^(FAM)-CCT GTG 
GCA TCC ACG AAA CTA CCT TG(TAMRA)3\ Probes were 
purchased from Applied Biosysiems. 

Real-Time RT : PCR 

To measure HER2/ neu expression in these tumors we 
used a real-ume quantitative RT-PCR based on TaqMan meth- 
odology as previously described, 17 with minor modifications. 
Briefly, this technique allows, by means of fluorescence emis- 
sion, to find the cycling point when PCR product is detectable 
(Ct value or threshold cycle). As previously reported, the Ct 
value correlates to the starting quantity of the target mRNA 18 
To normalize the amount of total RNA present in each reac- 
tion, we amphfied the housekeeping gene ^actin, which is 
assumed to be constant in both normal samples and rumor 
tissues. 

-.^ r " ults arc expressed as relative levels of HER2/neu 
mRNA, referred to a sample, called a -calibrator/ chosen to 
represent IX expression of this gene. The calibrator was a 
breast cancer cellular line (MCR7) 1! > that was analyzed on 
every assay plate wiih the unknown samples. All of the ana- 
lyzed tumors expressed n-fold HER2/neu mRNA relative to 
tne calibrator. 

The amount of target, normalized lo an endogenous 
reference (^actm) and relauve to the calibrator, was defined 
by the AACt method as described by Livak K (Sequence 
Detector User Bulletin 2; Applied Biosys.ems). Specifically 
the formula is applied as follows: 

target amount - 2~^ Cr 

where MX. = ||Ct (BER2/neu sample) - Ct (ft-acin 
sample)] - [Ct (HER2/ncu calibrator) - Ct (/3ocrin calibra- 
tor))!. 



Irnrnunohistochemistry 

Formalin-fixed, paraffin-embedded tissue sections were 
deparaffinized, rehydra.ed. and exposed .o the primary anti- 
body using die E»Vision + sys.em (Dako, Car V in.eria, CA) 
Primary ami_HER-2/»eu an.ibody (robbi, polyclonal ami- 

™n ° S IT**' AW86; ° 3k0) ™ a PP» ied in 3 
or IUVVO for 60 rrmmies ai room temperature. Before e^po- 

sure .o me primary anribody, scions were miciowave-pre- 
treated m EDlA. pH S.0, to -retrieve antigenicity-, and ,„cu- 
bated w,* endogenous peroxidase-blocking solution for 10 
mmutcsa, room tempeiarure. Positive control, constituted bv 
? bTe J^ < 3rc,noni:i lowing more than 80% positive sumW 
for HKR2/„eu, as well as negative control, in which ,hr 
primary annbody was omitted, were stained in panllel 
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All cases were examined for both cytoplasmic and mem- 
brane immunoreacrivity. Cytoplasmic staining was evaluated 
op a semiquantitative scale, according to Kilpatric* et a! with 
minor mod,fi cations, 20 and reported as 0 (no staining or 
staining ,n <]0% of cells). 1+ (weak staining in >10% of 
cells), (moderate staining in >10% of cells) or 3+ 
(sirong staming in >10% of cells). The presence of a mem- 
branous pattern of staining was recorded separately and 
scored as absent.fno staining or weak staining in <10% of 
cells) or present (complete and/or mcomple.e staining in 
>10% of celts). Tumors with a cytoplasmic score of 3+ were 
considered to have high HER-2/neu protein expression. 

Stotisticol Anotysis 

Statistical differences were calculated by Fisher's exact 
test. The Hesi method was used io evaluate the differences 
between groups. Differences were considered statistically sig- 
nificant when Pwas <0.05. 



RESULTS 

HER2/neu mRNA Evoluotton 

All of ihe tissues analyzed contained detectable 
)eve)s of HER2~neu mJWA. Six norma) tissue samples 
(skeletal muscle) were used to establish basal level of 
HER2/neu mRNA. All the normal szmp)es expressed 
very Jow levels of HER2/neu mRNA, ranging from 0.9 
io 1.9 n (mean, 1.-) n ). Among th e 13 tumoi samples, 
II ER2/neu levels varied greatly, ranging fiom 2.1 to 
24 n. Setting a cmofT level at 7.9 n (a value that repre- 
sents the mean value of expression distribution of the 
SSs), 9 cases (69%) had low HER2/ neu expression and 
-I cases (31%) bad high HER2/nen expression (Kig 1; 
Table 1). The dilleience between the 2 groups (low 
and high HE R2/neu tumors) was statistically significant 
(P= 0.000-1). 7 b 
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FIGURE 2. Immunohistcchemicat localization ot HER?/neu in SS. (A) Positive control (breast cancer) showing typical strong 
membrane pattern of posttivity. (B) Cose 2, o biphasic S5, displaying very local membrane staining limited to a gland. Inset: tocal 
weak cytoplasmic posttivity in the epithelial component ot the same cose. <C) Case 10, the epHhellat component ot this biphosic 
SS, displaying strong membrane partem ot staining. (D) Case A, an epithelioid area in a monophoslc fibrous SS. showing strong 
cytoplasmic positivity. 



HER2/neu Prolein Expression 

St3ining with HER2/neu antibody revealed a vari- 
able cytoplasmic and membrane staining pa t tern - 
Three tumors (23%) showed strong staining involving 
both the cell membrane and the cytoplasm (cases 4, 5, 
and 10); weak to moderate, exclusively cytoplasmic 
staining was observed in 7 cases (cases 1, 3, 6, 7, 8, 9, 
and H). No staining was detected in 2 tumors (cases 1 2 
and 13). )n 1 case (case 2), a cluster of glandular 
structures representing <5% of the mrnor showed 
weak cytoplasmic and very focal membrane staining, 
the latter limited to a single gland. The epid>eJiaJ/ 
epithelioid components exhibited su onger cytoplasmic 
staining compared with the spindle-cell component of 
the tumors. Membrane staining was predominantly in- 
complete and limited to the epithelial/epi.ibelioid ar- 
eas. All 3 cases with high immn nobis toe hemic a 1 expres- 
sion of HER2/neu (cases 1, 5, and 10) were grade Ell 
sarcoma^ including 1 MF. ] BF, and ] MFFD -SSs. 



Examples of HER2/neu cyjoplasmic and membrane 
staining are depicted in Figure 2. 

Correlation of Molecular and 
Immunohistochemicol Results 

A strong, statistically significant association was 
present between protein expression, for both mem- 
brane and cytoplasmic staining, and HER2/neu mRNA 
levels {P = 0,0)), although 1 case (case 6) displayed 
discordant results. Interestingly, this neoplasm showed 
high >]ER2/nen mRNA levels, whereas only weak stain- 
ing, limited to the cytoplasm of a minority of rumor 
cells, was detected by immunohistochemical analysis. 

HER2/heu Expression ond CHnicopothologtc 
Poromelets 

Both HER2/neu protein expression and mRNA 
levels were evaluated to establish the relationships to 
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TABLE 2. Correlation Between Clinic opathologfc 
Features and HER2/neu Expression as Detected by 

IHC and RT-PCR 



HER2/neu 
IHC PCR 



Variable 



Age (years) 

<40 

>40 

Sex 

FeroaJc 

Male 

Tumor size (cm) 

<5 

>5 

Histological grade 
II 

Dl 

Histological type 

MF 

BF 

PD 

Cberoo/ Radiotherapy* 
Yes 

No - 

Recurrence^ 

Yes 

No 

Metastasis! 

Yes 

No 



L 


H 


P value 

: —L 


L 


H 


P value 


3 


3 




3 


3 




7 


0 


. NS 


6 


1 


NS 


8 


0 




7 


1 




2 


3 


0.03 


2 


3 


NS 


3 


2 




3 


2 




7 


1 


NS 


6 


2 


NS 


3 


0 




3 


0 




7 


3 


NS 


6 


4 


NS . 


5 


J 




5 


J 




2 


1 




2 


] 




3 


I 


NS 


2 


2 


NS 


4 


2 




3 


3 




5 


1 


NS 


5 


] 


NS 


5 


0 




5 


0 




2 


3 


NS 


J 


4 


0.02 


3 


0 


■ 


3 


0 




4 


3 


NS 


3 


4 


NS 



• Abbreviations: U low expression; H ( high expression; NS, not 
ngmficam; MF, monopbasic fibrous; BF, bipbasic; PD, poorly differ- 
cn&atcd (including MF and BF with poorly differentiated areas) 

Information not available for case 7. 
1 Cases 7, 12, and 13 were excluded from the analysis. 

clinicopathologic features, including local recurrence 
and metastatic disease. Two cases (cases 12 and J 3) with 
follow-up less than 12 months and ) case (case 7) for 
which clinical information was not available were ex- 
cluded from the analysis of recurrences and metastatic 
behavior. 

No correlation was observed between HER2/neu 
mRNA expression and age, sex, tumor size, tumor 
grade, histotype, and metastasis. A correlation between 
sex of the patients and HER2/neu protein expression 
was found. In fact, none or the female patients showed 
high HER2/neu protein expression \P = 0 03) Pa- 
tients with high Her2/neu mRNA levels had a lower 
risk of recurrence- than those with low Her2/neu 
mRNA levels (P = 0.02). None of .he cases with high 
HER2/neu mRNA levels developed metastatic foci, al- 
•though the small number of observations precluded 
reaching statistical significance {P = 0 .J). Results are 
detailed in Table 2. 

DISCUSSION 

The present work provides the first combined mo- 
lecular by real-time RT-PCR and immunohistochemical 
evidence that HER2/nru over expression occurs in SSs 



Our results indicate that this parameter roiy provide 
prognostic information and suggest that a specific ther- 
apy with humanized monoclonal antibodies against 
HER2/neu may be considered in a significant number 
of SSs. 

The HER2/neu oncogene has been extensively 
investigated as.a prognostic factor and more recently as 
a predictor of response to therapy. It has been demon 
stated in breast cancer, where HER2/neu overexpres- 
sion is usually associated with gene amplification, 2 *and 
in other epithelial tumors, including ovarian, gastric 
lung, and urinary bladder carcinomas. 

HER-2/ neu amplification/ overexpression appears 
to be an early event in oncogenic transformation by 
interacting with other members of the HER family. 3 In 
breast cancer, it is involved in cell cycle and apoptotic 
pathways through the antiapoptotic effects mediated by 
p53 and p2I deregulation. 2&l . 

Whether HER2/neu overexpression plays an im- 
portant role in mesenchymal neoplasms remains con- 
troversial. An inmiunohistochemical study of sarcomas 
using a monoclonal antibody, reported no evidence of 
immunoreactivity for HER-2/neu in 6 SSs as well as in 
other 197 mesenchymal tumors, with cytoplasmic reac- 
tivity observed only in 1 case of peripheral neuroepi- 
thelioma. A recent investigation reported gene ex- 
pression profiles of 41 soft tissue tumors with cDNA 
microarray analysis. Among these sarcomas, 6 
monophasic SSs were characterized by a unique expres- 
sion pattern of a cluster of 104 genes, including the 
epidermal growth factor receptor, which shows 50% 
homology with the HER2/neu gene. 24 These data also 
suggest that the erb-B receptor family plays a significant 
role in SS. It has been demonstrated that a variable 
number of osteosarcomas overexpress HER2/neu 1115 
However, more recent studies 20 '^ 5 ' 26 were unable to 
detect any HER2/neu gene amplification and/or over- 
expression using fluorescence in situ hybridization 
(FISH), RT-PCR, and immunohistochernistry. 

Differences in the techniques used may play an 
important role and explain (at least in part) these 
discrepancies. HER2/ neu alterations can be evaluated 
using different techniques including immunohisio- 
chemistry, FISH, Southern hybridization, Northern 
blot, and competitive, differential, or real-lime PCR. 27 
Immunohistochernistry is the most common method 
for detection of HER2/neu overexpression, but it is 
significanUy affected by the sensitivity and specificity of 
the antibodies used, ihe type of tissue (frozen versus 
formalin-fixed), and the various interpretative criteria 
and scoring systems used to evaluate cases. Indeed, 
most studies of H£R2/neu expression in osteosarcoma 
used immunobistocbemicaJ techniques, with different 
monoclonal or polyclonal antibodies. 'Die discrepancy 
in results may stem from the use of different antibodies, 
as well as a lack of standardized evaluation. 

For these reasons, to evaluate H£R2/neu immu- 
noreactivity in our study, we used a polyclonal antibody 
(Dako, Car pimeria, CA), arguably the most diffuse and 
thoroughly tested antibody for HER2/neu assessment, 
lunherrnore, we investigated HER2/neu mRNA ex- 
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pression with real-time RT-PCR, because it has been 
demonstrated that mRNA levels correlates tightly with 
protein expression. 28 At present, real-time RT-PCR 
probably represents the most powerful tool for quanti- 
tative analysis, because it allows better internal control 
and reduction of sample contamination, and provides 
more objective results. 18 

We analyzed HER2/neu gene expression at the 
mRNA and protein level in 13 cases of SS. HER2/neu 
expression was found in all of the cases investigated, 
and mRNA content in the tumors varied from 2,1 to 
24 n. * 

The variability of mRNA levels in SSs is reflected 
on heterogeneity of protein expression pattern as de- 
tected by immunohistochernistry. We found that 
HER2/neu immunoreactivity correlates strongly with 
mRNA levels. A convincing cytoplasmic immunoreac- 
tivity was documented with the polyclonal antibody in 
10 of 13 sarcomas. Distinct membranous staining was 
observed in 3 cases, although it was never comparable 
to the positive breast control. It was predominantly 
incomplete and identified in the epitheliaJ/epithelioid 
component of SS. Interestingly, all of the cases with 
. strong cytoplasmic staining also exhibited a membrane- 
staining pattern. 

In breast cancers, a membranous pattern, of stain- 
ing is thought to be specific for HER2/neu protein 
expression and correlated with gene amplification, 
whereas cytoplasmic staining is usually considered non- 
specific. 29 However, cytoplasmic posirivity for HER2/. 
neu has been reported to be prognostically significant 
in other tumor types^ including bladder, colon, pan- 
creas, thyroid, and nasopharyngeal carcinomas, and 
even in breast cancer. 3 

Patients with high HER2/neu mRNA expression 
had a significantly lower risk of recurrence. Similarly, 
all of the cases with high HER2/neu expression did not 
metastasize, although this correlation did not reach 
statistical significance due to the small number of cases 
studied. These data suggest that HER2/neu plays a role 
in the biology of SS and that HER2/neu overexpression 
may be linked to a less-aggressive clinical behavior. 
Indeed, unlike many cancers where HER2/neu overex- 
pression has been shown to correlate wiih poor prog- 
nosis, HER2/neu levels are linked to a more favorable 
clinical course in other malignant rumors, such as thy- 
roid carcinoma and osteosarcoma. 15 * 34 

The .molecular mechanisms responsible for the 
action of HER-2/neu in SSs are unknown. A possible 
interaction between HER-2/neu and the other mem- 
bers of HER family could be important in tumorigen- 
esis. Derangements of other oncogenes, tumor suppres- 
sors, and apoptosis regulators have been described in 
SSs. For instance, many SSs have been shown to be 
diffusely posiiive for be 1-2 family proteins {be 1-2, bax, 
bcl-x, and bak). These members of the bcl-2 family are 
involved in the regulation of apoptosis in SS. 36 This 
inises the hypothesis that complex aJierntions in apop- 
losis-cormolling mechanisms are present in these neo- 
plasms, with HER-2/neu ir Her acting wiih Bcl-2 family 



members. Further studies, are needed to clarify the 
mechanisms of apoptosis in SS. 

Depending on the size and location, the- therapy of 
choice for SS is radical local excision or amputation.. 
Whenever radical surgery cannot be performed, radio- 
therapy in concert with local excision is suggested in an. 
attempt to avoid the need for amputation. Only re- 
cently has a study evaluated the possible role of chemo- 
therapy in the treatment of SS. 7 

The role of molecular markers in predicting treat- 
ment responsiveness is currendy the focus of extensive 
investigation. Breast cancer patients with high HER2/ 
neu expression appeared to benefit from high-dose 
CAF (cyclophophamide, adriamycin, and 5-fluoro ura- 
cil) therapy. 38 In our study, 3 of 4 patients with high 
HER2/neu expression received adjuvant chemother- 
apy with ifosfamide; these patients had a favorable clin- 
ical outcome. These data raise the possibility that 
HER2/neu may have value in predicting which patients 
are likely to Tespond to specific adjuvant chemotherapy 
regimens. Whether the favorable significance of 
HER2/neu expression depends on predicting clinical 
recurrence, response to chemotherapy, or both re- 
mains to be fully elucidated in SS patients. 

To the best of our knowledge, this is the first 
report that shows expression of HER2/neu in primary 
SS by real-time RT-PCR- Elevated levels of HER2/neu 
rriRNA and protein are found in a significant group of 
SS patients, and these levels appear to correlate with 
features of good prognosis. Furthermore, our results 
suggest that this mechanism of disease in SS may be the 
target of specific inhibitory therapies based on human- 
ized monoclonal antibodies. Considering the small 
number of patients examined, further investigation is 
needed to confirm these preliminary findings. 
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Genome-wide Study of Gene Copy Numbers, 
Transcripts, and Protein Levels in Pairs of 
Non-invasive and Invasive Human Transitional 
Cell Carcinomas* 

Torben F. 0rntoft|:§, Thomas ThykjaerTJ, Frederic M. Waldman||, Hans Wolf**, 
and Julio E. Celis^t 



Gain and loss of chromosomal material is characteristic 
of bladder cancer, as well as malignant transformation in 
general. The consequences of these changes at both the 
transcription and translation levels is at present unknown 
partly because of technical limitations. Here we have at- 
tempted to address this question in pairs of non-invasive 
and invasive human bladder tumors using a combination 
of technology that included comparative genomic hybrid- 
ization, high density oligonucleotide array- based monitor- 
ing of transcript levels (5600 genes), and high resolution 
two-dimensional gel electrophoresis. The results showed 
that there is a gene dosage effect that in some cases 
superimposes on other regulatory mechanisms. This el-: 
feet depended (p < 0.015) on the magnitude of the com- 
parative genomic hybridization change. In general (18 of 
23 cases), chromosomal areas with more than 2-fold gain 
of DNA showed a corresponding increase in mRNA tran- 
scripts. Areas with loss of DNA, on the other hand, 
showed either reduced or unaltered transcript levels. Be- 
cause most proteins resolved by two-dimensional gels 
are unknown it was only possible to compare mRNA and 
protein alterations in relatively few cases of well focused 
abundant proteins. With few exceptions we found a good 
correlation (p < 0.005) between transcript alterations and 
protein levels. The implications, as well as limitations, 
of the approach are discussed. Molecular & Cellular 
Proteomics 1:37-45, 2002. 



Aneuploidy is a common feature of most human cancers 
(1), but little is known about the genome-wide effect of this 
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phenomenon at both the transcription and translation levels. 
High throughput array studies of the breast cancer cell line 
BT474 has suggested that there is a correlation between 
DNA copy numbers and gene expression in highly amplified 
areas (2), and studies of individual genes in solid tumors 
have revealed a good correlation between gene dose and 
mRNA or protein levels in the case of c-erb-B2, cyclin d1, 
ems 7, and N-myc (3-5). However, a high cyclin D1 protein 
expression has been observed without simultaneous am- 
plification (4), and a low level of c-myc copy number in- 
crease was observed without concomitant c-myc protein 
overexpression (6). 

In human bladder tumors, karyotyping, fluorescent in situ 
hybridization, and comparative genomic hybridization (CGH) 1 
have revealed chromosomal aberrations that seem to be 
characteristic of certain stages of disease progression. In the 
case of non-invasive pTa transitional cell carcinomas (TCCs), 
this includes loss of chromosome 9 or parts of it, as well as 
loss of Y in males. In minimally invasive pT1 TCCs, the fol- 
lowing alterations have been reported: 2q-, 11p-, 1q+,, 
11q13+ t 17q+, and 20q+ (7-12). It has been suggested that 
these regions harbor tumor suppressor genes and onco- 
genes; however, the large chromosomal areas involved often 
contain many genes, making meaningful predictions of the 
functional consequences of losses and gains very difficult. 

In this investigation we have combined genome- wide tech- 
nology for detecting genomic gains and losses (CGH) with 
gene expression profiling techniques (microarrays and pro- 
teomics) to determine the effect of gene copy number on 
transcript and protein levels in pairs of non- invasive and in- 
vasive human bladder TCCs. 

EXPERIMENTAL PROCEDURES 

Material— Bladder tumor biopsies were sampled after informed 
consent was obtained and after removal of tissue tor routine pathol- 
ogy examination. By light microscopy tumors 335 and 532 were 
staged by an experienced pathologist as pTa (superficial papillary). 



1 The abbreviations used are: CGH, comparative genomic hybrid- 
ization; TCC, transitional cell carcinoma; LOH, loss of heterozygosity; 
PA-FABP, psoriasis- associated fatty acid- binding protein; 2D, 
two-dimensional. 
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Fig. 1. DNA copy number and mRNA expression level. Shown from left to right are chromosome (Chr.), CGH profiles, gene location and 
expression level of specific genes, and overall expression leve! along the chromosome. A, expression of mRNA in invasive tumor 733 as 
compared with the non-invasive counterpart tumor 335. 0, expression ol mRNA in invasive tumor 827 compared with the non-invasive 
counterpart tumor 532. The average fluorescent signal ratio between tumor DNA and normal DNA is shown along the length of the chromosome 
{left). The bold curve in the ratio profile represents a mean of four chromosomes and is surrounded by thin curves indicating one standard 
deviation. The central vertical line [broken) indicates a ratio value of 1 (no change), and the vertical lines next to it (dotted) indicate a ratio of 
0.5 (left) and 2.0 (fight). In chromosomes where the non-invasive tumor 335 used for comparison showed alterations in DNA content, the ratio 
prpfile of that chromosome is shown to the right ol the invasive tumor profile. The colored bars represents one gene each, identified by the 
running numbers above the bars (the name of the gene can be seen at www.MDL.DK/sdata.htmf). The bars indicate the purported location of 
the gene, and the colors indicate the expression level of the gene in the invasive tumor compared with the non-invasive counterpart; >2-foId 
increase (black), >2-fold decrease (6/ue), no significant change [orange). The oar to the far right, entitled Expression shows the resulting change . 
in expression along the chromosome; the colors indicate that at least half of the genes were up-regulated (b/acA), at least half of the genes 
down-regulated (blue), or more than half of the genes are unchanged (orange). If a gene was absent in one of the samples and present in 
another, it was regarded as more than a 2- fold change. A 2- fold level was chosen as this corresponded to one standard deviation in a double 
determination of —1800 genes. Centromeres and heterochromatic regions were excluded from data analysis. 



grade I and II, respectively, tumors 733 and 827 were staged as pTl 
(invasive into submucosa), 733 was staged as solid, and 827 was 
staged as papillary, both grade III. 

mRNA Preparation— Tissue biopsies, obtained fresh from surgery, 
were embedded immediately in a sodium- guanidinium Ihiocyanate 
solution and stored at -80 "C. Total RNA was isolated using the 
. RNAzol B RNA isolation method (WAK-Chemie Medical GMBH). 
poly(A)* RNA was isolated by an oligo(dT) selection step (Oligotex 
. mRNA tul; Oiagen). 

CRNA Preparation—! M g of mRNA was used as starting material. 
The iirst and second strand cDNA synthesis was performed using the 
Superscript® choice system (Invitrogen) according to the manufac- 
turer's instructions but using an oligofdT) primer containing a T7 RNA 
polymerase binding site. Labeled cRNA was prepared using the ME- 
GAscrip® in vitro transcription Kit [Ambion). Biot in- labeled CTP and 



UTP (Enzo) was used, together with unlabeled NTPs in the reaction. 
Following the in vitro transcription reaction, the unincorporated nu- 
cleotides were removed using RNeasy columns (Oiagen). 

Array Hybridization and Scanning— Array hybridization and scan- 
ning was modified from a previous method (13). 10 m9. of cRNA was 
fragmented at 94 °C for 35 min in buller containing 40 rr>M Tris 
acetate, pH 8.1, 100 mM KOAc, 30 mM MgOAc. Prior to hybridization, 
the fragmented cRNA in a 6x SSPE-T hybridization butler (1 m NaCI, 
10 mM Tris, pH 7.6, 0.005% Triton), was heated to 95 "C lor 5 min, 
subsequently cooled to 40 "C, and loaded onto the Asymetrix probe 
array cartridge. The probe array was then incubated for 16 h at 40 e C 
at constant rotation (60 rpm). The probe array was exposed to 10 
washes in 6x SSPE-T at 25 °C followed by 4 washes in 0.5 x SSPE-T 
at 50 "C. The biotinylated cRNA was stained with a streptavidin- 
phycoerythrin conjugate, 10 fio/mJ (Molecular Probes) in 6x SSPE-T 
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for 30 min at 25 °C followed by 10 washes in 6* SSPE-T at 25 *C. The 
probe arrays were scanned at 560 nm using a confocal laser scanning 
microscope [made for Alfymetrix by Hewlett-Packard). The readings 
from the quantitative scanning were analyzed by Alfymetrix gene 
expression anarysis software. 

Microsateliite Analysis — Microsatellite Anarysis was performed as 
described previously (14). Microsatellites were selected by use of 
www.ncbLnIm.nih.gov/genemap98, and primer sequences were ob- 
tained from the genome data base at www.gdb.org. DNA was extracted 
from tumor and blood and amplified by PCR in a volume of 20 for 35 
cycles. The ampficons were denatured and eleclrophoresed for 3 h in an 
ABI Prism 377. Data were collected in the Gene Scan program for 
fragment analysis. Loss of heterozygosity was defined as less than 33% 
of one allele detected in tumor amplicons compared with blood. 

Proteorrtic Analysis— TCCs were minced into small pieces and 
homogenized in a small glass homogenizer in 0.5 ml of lysis solution. 
Samples were siored at -20 e C until use. The procedure for 2D gel 
electrophoresis has been described in detail elsewhere (15. 16). Gels 
were stained with silver nitrate and/or Coomassie Brilliant Blue. Pro- 
teins weie identified by a combination of procedures that included 
microsequencing, mass spectrometry, two-dimensional gel Western 
immunoblotting, and comparison with the masler I wo : dimensional gel 
image of human keratinocyle proteins; see biobase.dk/cgi-bin/ceTis. 

CGH- Hybridization of differentially labeled tumor and normal DNA 
to normal metaphase chromosomes was performed as described 
previously (10). Fluorescein- labeled tumor DNA (200 ng), Texas Red- 



labeled reference DNA (200 ng), and human Cot-1 DNA (20 ^g) were 
denatured at 37 °C for 5 min and applied to denatured normal met- 
aphase slides. Hybridization was at 37 "C tor 2 days. After washing, 
the slides were count erslained with 0.15 *ig/ml 4,6-diamidjno-2-phe- 
ny (indole in an anti-fade solution. A second hybridization was per- 
formed tor all tumor samples using fluorescein- labeled reference DNA 
and Texas Red-labeled tumor DNA (inverse labeling) to confirm the 
aberrations detected during the initial hybridization. Each CGH ex- 
periment also included a normal control hybridization using fluores- 
cein- and Texas Red-labeled normal DNA. Digital image analysis was 
used to identify chromosomal regions with abnormal fluorescence 
ratios, indicating regions of DNA gains and losses. The average 
greenrred fluorescence intensity ratio profiles were calculated using 
tour images of each chromosome (eight chromosomes total) with 
normalization of the green:red fluorescence intensity ratio for the 
entire metaphase and background correction. Chromosome identifi- 
cation was performed based on 4,6-diamidino-2-phenylindote band- 
ing ' patterns. Only images showing uniform high intensity fluores- 
cence with minimal background staining were analyzed. All 
centromeres, p arms ol acrocentric chromosomes, and helerochro- 
rriatic regions were excluded from the analysis. 

RESULTS 

Comparative Genomic Hybridization— The CGH anarysis 
identified a number of chromosomal gains and losses in the 
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Table I 

. Correlation between alterations detected by CGH and by expression monitoring 

Top. CGH used as independent variable fir CGH alteration - what expression ratio was found); bottom, altered expression used as 
independent variable (if expression alteration - what CGH deviation was found). " 
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two invasive tumors (stage pT1 , TCCs 733 and 827), whereas 
the two non-invasive papillomas (stage pTa, TCCs 335 and 
532) showed only 9p-, 9q22-q33-, and X-, and 7+ f 9q-, 
and Y-, respectively. Both invasive tumors showed changes 
(1q22-24 + , 2q14.1-qter-, 3q12-q13.3-, 6q12-q22-, 
9q34+, 11q12-q13+, 17 + , and 20q11.2-q12+) that are typ- 
ical for their disease stage, as well as additional alterations, 
some of which are shown in Fig. 1. Areas with gains and 
losses deviated from the normal copy number to some extent, 
and the average numerical deviation from normal was 0.4- fold 
in the case of TCC 733 and 0.3-fold for TCC 827. The largest 
changes, amounting to at least a doubling of chromosomal 
content, were observed at 1q23 in TCC 733 (Fig. 1A) and 
20q12in TCC 827 (Fig. 1B). 

mRNA Expression in Relation to DNA Copy Number—The 
mRNA levels from the two invasive tumors (TCCs 827 and 
733) were compared with the two non-invasive counterparts 
(TCCs 532 and 335). This was done in two separate experi- 
ments in which we compared TCCs 733 to 335 and 827 to 
532, respectively, using two different scaling settings for the 
arrays to rule out scaling as a confounding parameter. Ap- 
proximately 1,800 genes that yielded a signal on the arrays 
were searched in the Unigene and Genemap data bases for 
chromosomal Jocation, and those with a known location 
(1096) were plotted as bars covering their purported locus. In 
that way it was possible to construct a graphic presentation of 
DNA copy number and relative mRNA levels along the indi- 
vidual chromosomes (Fig. 1). 

For each mRNA a ratio was calculated between the level in 
the invasive versus the non-invasive counterpart. Bars, which 
represent chromosomal location of a gene, were color-coded 
according to the expression ratio, and only differences larger 



than 2-fbld were regarded as informative (Fig. 1). The density 
of genes along the chromosomes varied, and areas contain- 
ing only one gene were excluded from the calculations. The 
resolution of the CGH method is very low, and some of the 
outlier data may be because of the fact that the boundaries of 
the chromosomal aberrations are not known at high resolution. 

Two sets of calculations were made from the data. For the 
first set we used CGH alterations as the independent variable 
and estimated the frequency of expression alterations in these 
chromosomal areas. In general, areas with, a strong gain of 
chromosomal material contained a cluster of genes having 
increased mRNA expression. For example, both chromo- 
somes 1q21-q25, 2p and 9q, showed a relative gain of more 
than 100% in DNA copy number that was accompanied by 
increased mRNA expression levels in the two tumor pairs (Fig. 
1). In most cases, chromosomal gains detected by CGH were 
accompanied by an Increased level of transcripts in both 
TCCs 733 (77%) and 827 (80%) (Table I, top). Chromosomal 
losses, on the other hand, were not accompanied by de- 
creased expression in several cases, and were often regis- 
tered as having unaltered RNA levels (Table I. fop). The inabil- 
ity to detect RNA expression changes in these cases was not 
because of fewer genes mapping to the lost regions (data not 
shown). 

In the second set of calculations we selected expression 
alterations above 2- fold as the independent variable and es- 
timated the frequency of CGH alterations in these areas. As 
above, we found that increased transcript expression corre- 
lated with gain of chromosomal material (TCC 733, 69% and 
TCC 827, 59%), whereas reduced expression was otlen de- 
tected in areas with unaltered CGH ratios (Table I, bottom). 
Furthermore, as a control we looked at areas wilh no alter- 
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ation in expression. No alteration was detected by CGH in 
most of these areas (TCC 733, 60% and TCC 827, 81%; see 
Table I, bottom). Because the ability to observe reduced or 
increased mRNA expression clustering to a certain chromo- 
somal area clearly reflected the extent of copy number 
changes, we plotted the maximum CGH aberrations in the 
regions showing CGH changes against the ability to detect a 
change in mRNA expression as monitored by the oligonucleo- 
tide arrays (Fig. 2). For both tumors TCC 733 (p < 0.015) and 
TCC 827 (p < 0.00003) a highly significant correlation was 
observed between the level of CGH ratio change (reflecting 
the DNA copy number) and alterations detected by the array 
based technology (Fig. 2). Similar data were obtained when 
areas with altered expression were used as independent vari- 
ables. These areas correlated best with CGH when the CGH 
ratio deviated 1.6- to 2.0-fold (Table I, bottom) but mostly did 
not at lower CGH deviations. These data probably reflect that 
loss of an allele may only lead to a 50% reduction in expres- 
sion level, which is at the cut-off point for detection of expres- 
sion alterations. Gain of chromosomal material can occur to a 
. much larger extent. 

Microsatellite- based Detection of Minor Areas of Loss : 
es— In TCC 733, several chromosomal areas exhibiting DNA 
amplification were preceded or followed by areas with a nor- 
mal CGH but reduced mRNA expression (see Fig. 1, TCC 733 
chromosome 1q32, 2p21, and 7q2Vand q32, 9q34, and 
10q22). To determine whether these results were because of 
undetected loss of chromosomal material in these regions or 



because of other non-structural mechanisms regulating tran- 
scription, we examined two microsatellites positioned at chro- 
mosome 1q25-32 and two at chromosome 2p22. Loss of 
heterozygosity (LOH) was found at both 1q26 and at 2p22 
indicating that minor deleted areas were not detected with the 
resolution of CGH (Fig. 3). Additionally, chromosome 2p in 
TCC 733 showed a CGH pattern of gain/no change/gain of 
DNA that correlated with transcript increase/decrease/in- 
crease. Thus, for the areas showing increased expression 
there was a correlation with the DNA copy number alterations 
(Fig. ^A). As indicated above, the mRNA decrease observed in 
the middle of the chromosomal gain was because of LOH, 
implying that one of the mechanisms for mRNA down-regu- 
lation may be regions that have undergone smaller losses of 
chromosomal material. However, this cannot be detected with 
the resolution of the CGH method. 

In both TCC 733 and TCC 827, the telomeric end of chro- 
mosome 11 p showed a normal ratio in the CGH analysis; 
however, clusters of five and three genes, respectively, lost 
their expression. Two microsatellites (D11S1760, D11S922) 
positioned close to MUC2, IGF2, and cathepsin D indicated 
LOH as the most likely mechanism behind the loss of expres- 
sion (data not shown). 

A reduced expression ot mRNA observed in TCC 733 at 
chromosomes 3q24, 11p11, 12p12.2, 12q21,1, and 16q24 
and in TCC 827 at chromosome 11pl5.5, 12p11, 15q11.2, 
. and I8ql2 was also examined for chromosomal losses using 
microsatellites positioned as close as possible to the gene loci 
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FtG. 3. Microsatetlile analysis of loss of heterozygosity. Tumor 
733 showing loss of heterozygosity at chromosome 1q25, detected 
(a) by D1S215 dose to Hu class I histocompatibility antigen (gene 
number 38 in Fig. 1), (6) by D1S2735 close to cathepsin E (gene 
number 41 in Fig. 1), and (c) at chromosome 2p23 by D2S2251 close . 
to general ^-spectrin (gene number 1 1 on Rg. 1) and of (d) tumor 827 
showing loss of heterozygosity al chromosome 18q12 by S18S1 118 
close to mitochondrial 3-oxoacyi-coenzyme A thiolase (gene number 
12 in Fig. 1). The upper curves show the electropherogram obtained 
from normal DNA from leukocytes [N) t and the tower curves show the 
electropherogram Irom tumor DNA (7). In all cases one allele is 
partially tost in the tumor amplicon. 

showing reduced mRNA transcripts. Only the microsalellite 
positioned at 18q12 showed LOH (Fig. 3), suggesting that 
transcriptional down-regulation of genes in the other regions 
may be controlled by other mechanisms. 

Relation between Changes in mRNA and Protein Levels— 
2D-PAGE analysis, in combination with Coomassie Brilliant 
Blue and/or silver staining, was carried out on all lour tumors 
using fresh biopsy material. 40 well resolved abundant known 
proteins migrating in areas away from the edges of the pH 
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Fia 4. Correlation between protein levels as judged by 20- 
PAGE and transcript ratio. For comparison proteins were divided in 
three groups, unaltered in leveJ or up- or down-regulated horizontal 
axis). The mRNA ratio . as determined by oligonucleotide arrays was 
plotted for each gene {vertical axis). A, mRNAs that were scored as 
present in both tumors used for the ratio calculation; A, mRNAs that 
were scored as absent in the invasive tumors (along horizontal axis) or 
as absent in non-invasive reference (fop of figure). Two different 
scafings were used to exclude scaling as a confounder, TCCs 827 
and 532 (AA) were scaled with background suppression, and TCCs 
733 and 335 (•O) were scaled without suppression. Both compari- 
sons showed highly significant (p < 0.005) differences in mRNA ratios 
between the groups. Proteins shown were as follows: Group A (from 
left), phosphoglucomutase 1 , glutathione transferase class p number 
4, fatty acid-binding protein homologue,. cytokeralin 15, and cyto- 
keratin 13; B (from left), fatly acid-binding protein homologue, 28-kDa 
heat shock protein, cytokeralin 13, and calcyclin; C (from teft), a-eno- 
lase, hnRNP B1, 28-kDa heat shock protein, 14-3-3-c, . and 
pre-mRNA splicing factor; D, mesothelial keratin K7 (type II); E (Irom 
fop), glutathione S-transf erase- -n and mesothelial keratin K7 .(type tl); 
F (from fop and /eft), adenyryl cyclase-associated protein, E-cadherin, 
keratin 19, calgizzarin, phosphoglycerate mutase. annexin IV, cy- 
toskeletal -ractin, hnRNP A1, integral membrane protein calnexin 
(1P90), hnRNP H, brain-type clathrin light chain-a, hnRNP F, 70-kDa 
heat shock protein, heterogeneous nuclear ribonucleoprotein A/B, 
translationally controlled tumor protein, liver gtyceraldehyde-3-phos- 
phate dehydrogenase, keratin 8, aldehyde reductase, and Na,K- 
ATPase 0-1 subunit; G, (from fop and le1t) t TCP20, calgizzarin, 70- 
kDa heat shock protein, calnexin. hnRNP H, cytokeralin 15, ATP 
synthase, keralin 19, Iriosephosphate isomerase, hnRNP F, liver glyc- 
eraldehyde-3-phosphatase dehydrogenase, glutathione S-transfer- 
ase--n, and keratin 8; H (from teft), plasma gersolin, autoantigen cal- 
reticulin, thioredoxin. and NAD + -dependent 15 hydroxyprostaglandin 
dehydrogenase; / (from fop), prolyl 4-hydroxytase ^-subunit, cyto- 
keralin 20, cytokeralin 17, prohibition, and fructose 1,6-biphos- 
phatase; J annexin II; K, annexin IV; L (from fop and left), 90-kDa heat 
shock protein, prolyl 4 -hydroxylase 0-subunit, o-enolase, GRP 78, 
cyclophitin, and cofilin. 

gradient, 3nd having a known chromosomal location, were 
selected for analysis in the TCC pair 827/532. Proteins were 
identified by a combination of methods (see "Experimental 
Procedures"). In general there was a highly significant corre- 
lation (p < 0.005) between mRNA and protein alterations (Fig. 
4). Only one gene showed disagreement between transcript 
alteration and protein alteration. Except tor a group of cyto- 
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Fig. 5. Comparison of protein and transcripl levels in invasive 
and non-invasive TCCs. The upper part of the figure shows a 2D gel 
(teft) and the oligonucleotide array {right) of TCC 532. The red rectan- 
gles on the upper gel highlight the areas that are compared below. 
Identical areas of 2D gels of TCCs 532 and 827 are shown below.' 
Clearly, cytokeratins 13 and 15 are strongly down-regulated in TCC 
827. {fed annotation). The tile on the array containing probes for 
cytokeratin 15 is enlarged below the array (red arrow) from TCC 532 
and is compared with TCC 827. The upper row of squares in each tile 
corresponds to perfect match probes; the lower row corresponds lo 
mismatch probes containing a mutation (used for correction lor un- 
specific binding). Absence of signal is depicted as black, and the 
higher the signal the lighter the color. A high transcript level was 
detected in TCC 532 (6151 units) whereas a much lower level was 
detected in TCC 827 (absence of signals). For cytokeratin 13, a high 
transcript level was also present in TCC 532 (15659 units), and a 
much lower level was present in TCC 827 (623 unils). The 2D gels at 
the bottom ol the figure {left) show levels of PA-FABP and adipocyte- 
FABP in TCCs 335 and 733 (invasive), respectively- Both proteins are 
down- regulated in the invasive tumor. To the right we show the array 
liles for the PA-FABP transcript. A medium transcript level was de- 
tected in the case of TCC 335 (1277 unils) whereas very low levels 
were detected in TCC 733 (166 units). IEF, isoelectric focusing. 



keratins encoded by genes on chromosome 17 (Fig. 5) the 
analyzed proteins did not belong to a particular family. 26 well 
focused proteins whose genes had a know chromosomal 
location were detected in TCCs 733 and 335, and of these 19 
correlated (p < 0.005) with the mRNA changes detected using 
the arrays (Fig. 4). For example, PA-FABP was highly ex- 
pressed in the non-invasive TCC 335 but lost in the invasive 
counterpart (TCC 733; see Fig. 5). The smaller number of 
proteins detected in both 733 and 335 was because of the 
smaller size of the biopsies that were available. 

1 1 chromosomal regions where CGH showed aberrations 
that corresponded to the changes in transcript levels also 
showed corresponding changes in the protein level (Table II). 
These regions included genes that encode proteins that are 
found to be frequently altered in bladder cancer, namely 
cytokeratins 17 and 20, annexins II and IV, and the fatty 
acid-binding proteins PA-FABP and FBP1. Four of these pro- 
teins were encoded by genes in chromosome 17q, a fre- 
quently amplified chromosomal area in invasive bladder 
cancers. 

DISCUSSION 

Most human cancers have abnormal DNA content, having 
lost some chromosomal parts and gained others. The present 
study provides some evidence. as to the effect of these gains 
and losses on gene, expression in two pairs of non-invasive 
and invasive TCCs using high throughput expression arrays 
and proteomics, in combination with CGH. In general, the 
results showed that there is a clear individual regulation of the 
mRNA expression of single genes, which in some cases was 
superimposed by a DNA copy number effect. In most cases, 
genes located in chromosomal areas with gains often exhib- 
ited increased mRNA expression, whereas areas showing 
losses showed either no change or a reduced mRNA expres- 
sion. The latter might be because of the fact that losses most 
often are restricted to loss of one allele, and the cut-off point 
for detection of expression alterations was a 2-fold change, 
thus being at the border of detection. In several cases, how- 



Table ll 



Proteins whose expression level correlates with both mRNA and gene dose changes 


Protein 


Chromosomal location 


Tumor TCC 


CGH alteration 


Transcripl alteration* 


Protein alteration 


Annexin II 


1q21 


733 


Gain 


Abs lo Pres* 


, Increase 


Annexin IV 


2p13 . 


733 


Gain 


3.9-Fold up 


Increase 


Cytokeratin 17 


17ql2-q21 


827 


Gain 


3.8- Fold up 


Increase 


Cytokeratin 20 


17q2t.1 


827 


Gain 


5.6-Fold up 


Increase 


(PA-)FABP 


8q2 1.2 


827 


Loss 


10-Fold down 


Decrease 


FBP1 


9q22 


827 


Gain 


2.3- Fold up 


Increase 


Plasma gelsolin 


9q31 


827 


Gain 


Abs to Pres 


Increase 


Heat shock protein 28 


15q12-q13 


827 


Loss 


2.5-Fold up 


Decrease 


Prohibilin 


17q21 


827/733 


Gain 


3.7-/2.5-Fotd up" 


Increase 


Prolyl- 4-hydroxyl 


I7q25 


827/733 


Gain 


5.7-/1.6 : Fold up 


increase 


hnRNPB! 


7p15 


827 


Loss 


2.5-Fold down 


Decrease 



* Abs, absent; Pres, present. 

6 In cases where the corresponding alterations were found in both TCCs 827 and 733 these are shown as 827/733. 
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ever, an increase or decrease in DNA copy number was 
associated with de novo occurrence or complete loss of tran- 
script, respectively. Some of these, transcripts could not be 
detected in the non-invasive tumor but were present at rela- 
tively high levels in areas with DNA amplifications in the inva- 
sive tumors (e.g. in TCC 733 transcript from cellular ligand of 
annexin II gene (chromosome 1q2l) from absent to 2670 
arbitrary units; in TCC 827 transcript from small proline-rich 
protein 1 gene (chromosome 1q12-q21.1) from absent to 
1326 arbitrary units). It may be anticipated from these data 
that significant clustering of genes with an increased expres- 
sion to a certain chromosomal area indicates an increased 
likelihood of gain of chromosomal material in this area. 

Considering the many possible regulatory mechanisms act- 
ing at the level of transcription, it seems striking that the gene 
dose effects were so clearly detectable in gained areas. One 
hypothetical explanation may lie in the loss of controlled 
methylation in tumor cells (17-19). Thus, it may be possible 
that in chromosomes with increased DNA copy numbers two 
or more alleles could be.demethyfated simultaneously leading 
to a higher transcription level, whereas in chromosomes with 
losses the remaining allele could be partly methylated, turning 
. off the process (20, 21). A recent report has documented a 
ploidy regulation of gene expression in yeast, but in this case all 
the genes were present in the same ratio (22), a situation that is 
not analogous to that of cancer cells, which show marked 
chromosomal aberrations, as well as gene dosage effects. 

Several CGH studies of bladder cancer have shown that 
some chromosomal aberrations are common at certain 
stages of disease progression, often occurring in more than 1 
of 3 tumors. In pTa tumors, these include 9p-; 9q-, 1q+, Y- 
(2, 6), and in pT1 tumors, 2q-,11p-, 11q~, 1q+, 5p+. 8q+, 
17q+, and 20q+ (2-4, 6, 7). The pTa tumors studied here 
showed similar aberrations such as 9p- and 9q22-q33- and 
9q- and Y-, respectively. Likewise, the two minimal invasive 
pT1 tumors showed aberrations that are commonly seen at 
that stage, and TCC 827 had a remarkable resemblance to the 
commonly seen pattern of losses and gains, such as 1q22-24 
amplification (seen in boih tumors), 11q14-q22 loss, the latter 
often linked to 17 q+ (both tumors), and 1q+ and 9p-, often 
linked to 20q+ and 11 q1 3+ (both tumors) (7-9). These ob- 
servations indicate that the pairs of tumors used in this study 
exhibit chromosomal changes observed in many tumors, and 
therefore the findings could be of general importance for 
bladder cancer. 

Considering that the mapping resolution of CGH is of about 
20 megabases it is only possible to get a crude picture of 
chromosomal instability using this technique. Occasionally, 
we observed reduced transcript levels close to or inside re- 
gions with increased copy numbers: Analysis of these regions 
by positioning heterozygous micros atellites as close as pos- 
sible to the locus showing reduced gene expression revealed 
loss of heterozygosity in several cases. It seems likely that 
multiple and different events occur along each chromosomal 



arm and that the use of cDIMA microarrays for analysis of DNA 
copy number changes will reach a resolution that can resolve 
these changes, as has recently been proposed (2). The outlier 
data were not more frequent at the boundaries of the CGH 
aberrations. At present we do not know the mechanism be- 
hind chromosomal aneuploidy and cannot predict whether 
chromosomal gains wilt be transcribed to a larger extent than 
the two native alleles. A mechanism as genetic imprinting has 
an impact on the expression level in normal cells and is often 
reduced in tumors. However, the relation between imprinting 
and gain of chromosomal material is not known. 

We regard it as a strength of this investigation that we were 
able to compare invasive tumors to benign tumors rather than 
to normal urothelium, as the tumors studied were biologically 
very close and probably may represent successive steps in 
the progression of bladder cancer. Despite the limited amount 
of fresh tissue available it was possible to apply three different 
state of the art methods. The observed correlation between 
DNA copy number and mRNA expression is remarkable when 
one considers that different pieces of the tumor biopsies were 
used for the different sets of experiments. This indicate that 
bladder tumors are relatively homogenous, a notion recently 
supported by CGH and LOH data that showed a remarkable 
similarity even between tumors and distant metastasis (10, 23). 

In the few cases analyzed, mRNA and protein levels 
showed a striking correspondence although in some cases 
we found discrepancies that may be attributed to translational 
regulation, post-translational processing, protein degrada- 
tion, or a combination of these. Some transcripts belong to 
undertrarislated mRNA pools, which are associated with few 
translationally inactive ribosomes; these pools, however, 
seem to be rare (24). Protein degradation, for example, may 
be very important in the case of polypeptides with a short 
half-life (e.g. signaling proteins). A poor correlation between 
mRNA and protein levels was found in liver cells as deter- 
mined by arrays and 2D- PAGE (25), and a moderate correla- 
tion was recently reported by Ideker et a/. (26) in yeast. 

Interestingly, our study revealed a much better correlation 
between gained chromosomal areas and increased mRNA 
levels than between loss of chromosomal areas and reduced 
mRNA levels. In general, the level of CGH change determined 
the ability to detect a change in transcript. One possible 
explanation could be that by losing one allele the change in 
mRNA level is not so dramatic as compared with gain of 
material, which can be rather unlimited and may lead to a 
severalfold increase in gene copy number resulting in a much 
higher impact on transcript level. The latter would be much 
easier to detect on the expression arrays as the cut-off point 
was placed at a 2-fold level so as not to be biased by noise on 
the array. Construction of arrays with a better signal to noise 
ratio may in the future allow detection of lesser than 2-fold 
alterations in transcript levels, a feature that may facilitate the 
analysis of the effect of loss o( chromosomal areas on tran- 
script levels. 
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In eleven cases we found a significant correlation between 
DNA copy number, mRNA expression, and protein level. Four 
of these proteins were encoded by genes located at a fre- 
quently amplified area in chromosome 17q. Whether DNA 
copy number is one of the mechanisms behind alteration of 
these eleven proteins is at present unknown and will have to 
be proved by other methods using a larger number of sam- 
ples. One factor making such studies complicated is the large 
extent of protein modification that occurs after translation, 
requiring immunoidentification and/or mass spectrometry to 
correctly identify the proteins in the gels. 

In conclusion, the results presented in this study exemplify 
the large body of knowledge that may be possible to gather in 
the future by combining state of the art techniques that follow 
the pathway from DNA to protein (26). Here, we used a tradi- 
tional chromosomal CGH method, but in the future high reso- 
lution CGH based on microarrays with many thousand radiation 
hybrid-mapped genes will increase the resolution and informa- 
tion derived from these types of experiments (2). Combined with 
expression arrays analyzing transcripts derived. from genes with 
known locations, and 2D gel analysis, to obtain information at 
the post-translational level, a clearer and more developed un- 
derstanding of the tumor genome will be forthcoming. 
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Exprcssiou of bcr-abl mRNA ia individual chronic myelogenous leukaemia 
cells as determined by iu situ amplification. 

Pachmami K , ZhaoS, Sclicnk T. Kancariian H . El-Naggar Alt Siciliano MJ Guo 
.ft), Arlinghaus RB . Andreeff M . 

The University of Texas M.D. Anderson Cancer Center, Department of Molecular 
Haematology and Therapy, 1515 Holcombe Boulevard, Houston, TX 77030, USA. 

We present the results of a novel method developed for evaluation of in situ 
amplification, a molecular genetic method at the cellular level Reverse transcription 
polymerase chain reaction (RT-PCR) was used to study bcr-abl transcript levels in 
individual cells from patients with chronic myelogenous leukaemia (CML). After 
hybridizing a fluorochrome-iabelled probe to the cell-bound RT-PCR product, bcr-abl 
raRNA-positive cells were determined using image analysis. A dilution series of bcr-abl- 
positive BV1 73 into normal cells showed a good correlation between expected and actual 
values, hi 25 CML samples, the percentage of in situ PCR-positive cells showed an 
excellent correlation with cytogenetic results (r - 0.94, P < 0:000 1 ), interphase 
fluorescence in situ hybridization (FISH) (r = 0.95, P = 0.001) and hypermetaphase FISH 
(r-.0.8l, P < 0.001). The fluorescence intensity was higher in residual CML cells after 
interferon (IFN) treatment than in newly diagnosed patients (P = 0.004), and was highest 
in late-stage CML resistant to IFN therapy and lowest in CML blast crisis (P = 0.001). 
Mean fluorescence values correlated with bcr-abl protein levels, as determined by 
Western blot analysis (r - 0.62). Laser scanning cytometry allowing automated analysis 
of large numbers of cells confirmed the results. Thus, fluorescence in situ PCR provides a 
novel and quantitative approach for monitoring tumour load and bcr-abl transcript levels 
in CML. 
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Cell localization and regulation of expression of cytochrome P450 1A1 and 
2B1 ,n rat ung after induction with 3-methylchoIanthrene using .nRNA 
hybridization and inimunohistochemistry. g 

INSERM Unite 139, Hopital Henri Mondor, Creteil, France. 

In order to characterize the response of various pulmonary cell types to doIvcvcHc 
aroma ,c hydrocarbons, the expression of cytochrome v7so (CYPH Al and 2B Lma 
m the lung of rats, with or without induction by 3- m eth y lchSe n t 3M C f 

by l" S,tu "Nation using appropriate 35S-labeled riboprob^ Trl 
expression of the corresponding proteins was investigated irranunohiLchemicallv 

SSTS^JS^ ^^expression dift"Lbly 

Sma an* typo 11 P neum£ > fc ytes and venous endothelial cells In Clara cell* 

mRNA express^ was detected as early as 1 h after induction, peaked bLtn ?and 4 h 
and was completely undetectable at 14 h. In contrast, venous^dotheTi^^e n 
pneumocytes exited permanent mRNA expression of GYP 1 Al in 3mS1^S 
rafc These kmeuc results explain the striking absence of correlation berween nSLd 

ESSSSZ " ? ,ara Cd,S 24 h aftCr ^ of the inducTrp^,^ 

these cells exhibited intense protem expression with no mRNA In contrast a ennH 

correlauon was observed for ^ 

expresses for Clara cells and type . 
ceHs. lru S study clearly distinguished the regulation of CYP 1A1 expression Sine L 

Zi^Ztt ? ^ r differences ° Wed in l£S 

types whatever the post-transcnptional mechanisms involved, emphasize that studio 

Z^Ztn^^ ,CVel ^ t0 Unto3nd ihe «pe"ote t? 

various anatomic structures. 
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Correlative immuuoliistocliemical and reverse transcriptase polymerase 
chain reaction analysis of somatostatin receptor type 2 in neuroendocrine 
tumors of the lung. 

Papotti M , Croce S , Macri L , Funaro A % Pccchtoni C Schindlcr M , Bussolati G . 

Department of Biomedical Sciences and Oncology, University of Turin, Italy. 

Somatostatin receptors type 2 (sst2) have been frequently detected in neuroendocrine 
tumors and bind somatostatin analogues, such as octreotide, with high affinity. Receptor 
autoradiography, specific mRNA detection and, more recently, antisst2 polyclonal 
antibodies are currently employed to reveal sst2. The aim of the present study was to 
investigate by three different techniques the presence of sst2 in a series of 26 
neuroendocrine tumors of the lung in which fresh frozen tissue and paraffin sections were 
available. It was possible, tiierefore, to compare, in individual cases, RNA analysis 
studied by reverse transcriptase polymerase chain reaction (RT-PCR), in situ 
hybridization (ISH), and immunohistochemistry. A series of 20 nonneuroendocrine lung 
carcinoma samples served as controls. RT-PCR was positive for sst2 in 22 of 26 samples, 
including 15 of 15 typical carcinoids, 5 of 6 atypical carcinoids, and 2 of 5 small-cell 
carcinomas. The sst2 mRNA signal obtained by RT-PCR was strong in the majority 
(87%) of typical carcinoids and of variable intensity in atypical carcinoids and small-cell 
carcinomas. A weakly positive signal was observed in 5 of 20 control samples. In 
immunolustochemistry, two different antibodies (ariti-sst2) were employed, including a 
monoclonal antibody, generated in die Department of Pathology, University of Turin. In 
the majority of samples a good correlation between sst2 mRNA (as detected by RT-PCR) 
and sst2 protein expression (as detected by immunohistochemistry) was observed. 
However, one atypical carcinoid and one small -eel I carcinoma had focal immunostaining 
but no RT-PCR signal. ISH performed in selected samples paralleled the results obtained 
with the other techniques. A low sst2 expression was associated with high grade 
neuroendocrine tumors and with aggressive behavior. It is concluded that I) 
neuroendocrine tumors of the lung express sst2, and there is a correlation between the 
mRNA amount and the degree of differentiation; 2) immunohistochemistry and ISH are 
reliable tools to demonstrate sst2 in these tumors; and 3) ssl2 identification in tissue 
sections may provide information on the diagnostic or therapeutic usefulness of 
somatostatin analogues in individual patients with neuroendocrine tumors. 
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Correlative Immunohistochemical and Reverse 
Transcriptase Polymerase Chain Reaction Analysis of 
Somatostatin Receptor Type 2 in Neuroendocrine 

Tumors of the Lung 



Aola Funaro, Pb.D:, Carla Pecchioni, Marcus Schindler, Mix, arid 
Gianni Bussolati, M.D., F.R.C.Path. 



Somatostatin receptors type 2 (sst2) have been frequently de- 
tected in neuroendocrine tumors and bind somatostatin ana- 
logues, such as octreotide, with high affinity. Receptor autora- 
diography, specific mRNA detection and, more recently, anri- 
sst2 polyclonal antibodies are currently, employed to reveal 
: sst2r The aim of the present study was to investigate by three 
■ different techniques the presence of ssl2 in a series of 26 neu- 
roendocrine tumors of the Jung in which fiesh fio2cn tissue and 
paraffin sections were available. It was possible, therefore, to 
compare, in individual cases, RNA analysis studied by reverse 
naxjscriptase polymerase chain reaction (RT-PCR), in situ hy- 
bridization (1SH), and imrounohistochemistry. A scries of 20 
nonneuroendocrine Jung carcinoma samples served as controls. 
RT-PCR was positive for sst2 in 22 of 26 samples, including 15 
of. 15 typical carcinoids, 5 of 6 atypical carcinoids, and 2 of 5 
small- cell carcinomas. The sst2.mRNA signal obtained by RT- 
PCR was strong in the majority (87%) of typical carcinoids and 
of variable intensity in atypical carcinoids and small-cell car- 
cinomas. A weakly positive signal was observed in 5 of 20 
contiol samples. In iromunohistochemistry, two diffeient anti- 
bodies (anti-ssl2) were employed, including a monoclonal an- 
ybody, generated in the Department of Pathology, Univeisity 
of Turin. Jn the majority of samples a good con elation between 
sst2 mRNA (as detected by RT-PCR) and sst2 protein expres- 
sion (as detected by immunohisiochemisoy) was observed. 
However, one atypical carcinoid and one small-cell carcinoma 
had focal unmunostairiing but no RT-PCR signal. 1SH pei- 
formed in selected samples paralleled the icsults obtained with 
the other techniques. A low sst2 expression was associated with 
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high grade neuroendocrine tumors and with aggressive behav- 
ior. It is concluded that 1) neuroendocrine rumors of the lung 
express sst2, and there is a correlation between the mRNA 
amount and the degree of differentiation; 2) immunohistochem- 
istry and 1SH are reliable tools to demonstrate" sst2 in these 
rumors; and 3) sst2 identification in tissue sections may provide 
information on the diagnostic or therapeutic usefulness of so- 
matostatin analogues in individual patients with neuroendo- 
crine rumors. 

Key Words: Neuroendocrine — Lung — Tumors — Somato- 
statin receptors — Immunohistochemistry^Smal) cell cara- 
DOina — Reverse transcriptase polymerase chain • reaction. 

Diagn Mol Pathol 9(1): 47-57, 2000. 



The somatostatin receptor family (ssi) includes at least 
five isoforms that have been recently identified and char- 
acterized (18,32,43). The ssts are widely distributed in 
normal human tissues and in human rumors. Sst type 2 is 
more commonly detected in neuroendocrine rumors 
(32,37) and binds the somatostatin analogue octreotide 
with high affinity. 

Sst localization had originally been demonstrated by 
means of binding assays of radiolabeled somatostatin 
analogues (20,25,31). Subsequently, specific sst messen- 
ger RNA (mRNA) detection was obtained by means of in 
siru hybridization (3SH) and reverse transcriptase poly- 
merase chain reaction .(RT-PCR) 04,32,37). Recently; 
polyclonal antibodies specific for different isoforms of 
sst were produced and used in brirnunohistochemisu^ 
(10,12,15,1830,35,36). Given the well-known heteroge- 
neity of neoplastic populations, in situ methods (biunu- 
nohisiochemistry and 1SH) allow a more definite map- 
pins of die distribution of the reccptoi in such tissues. 
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This is potentially useful for predicting the responsive- 
ness of a given neoplastic cell population to medical 
treatment with somatostatin analogues, which are used in 
the clinical setting for both diagnostic and therapeutic pur- 
poses with special reference to neuroendocrine tumors. 

The spectrum of neuroendocrine tumors of the lung 
includes well-differentiated neoplasms (so-called typical 
carcinoids) and poorly differentiated small-cell carcino- 
mas (SCCs). Intermediate forms sharing features of both 
the aforementioned types also belong to this spectrum 
(so-called atypical carcinoids or well-differentiated neu- 
roendocrine carcinomas). Finally, large-cell neuroendo- 
-Giirie-cafeirjoma--has-beei)4dentif)ed and included jjMhis- 



tumor group (4,40). The tissue distribution of sst2 in 
neuroendocrine tumors of the lung has not been thor- 
oughly characterized, although individual samples of 

: bronchia] carcinoids were found to express sst (30). 
SCCs (but riot non-smaJl-cell types) were also shown to 
be sst2 positive by receptor binding assay (33). More- 
over, sst2 has been detected in in vitro cell cultures of 

. human SSC of the lung (39,42). No study on a series of 
neuroendocrine tumors of the lung including all neuro- 
endocrine lung tumor types has been leported to date. 

The aim of this study was therefore to investigate the 
presence of sst2 mRNA and protein in a scnts of 26 
neuroendocrine tumors of the lung, employing different 
technical approaches, such as RT-PCR, JSH, and imxnu- 
nohistochemistry. To this purpose a monoclonal anti- 
body to sst2 (N- terminal) was general ed in the Depart- 
ment of Pathology, University of Turin. The results were 
then compared and related to the rumor grade and to 
other clinicopathologic parameters. 

MATERIALS ANT) METHODS 

Case Series and RNA Extraction 

Twenty- six samples of neuroendocrine rumors of the 
lung, in which fresh frozen tissue was available, were 
retrieved from the surgical pathology file of the Univer- 
sity of Turin, Italy. All samples were reviewed applying 
currently accepted criteria of classification (4,40), aud 
the neuroendocrine nature was confirmed by positive im- 
nmnostaining for chromogranin A (CgA) (with or with- 
out antigen retrieval) or synaptophysin, and by positive 
RT-PCR for CgA mRNA. According io the classi- 
fications described here, ibesc included J 5 well- 
differentialed neuroendocrine tumors (typical carci- 
noids), 6 well-differentiated neuroendocrine carcinomas • 
(atypical carcinoids), and 5 SCCs. 

A series of 20 non-small-cell lung carcinomas (10 
squamous, 9 adenocarcinomas, and 1 large- celJ anaplas- 
tic) lacking neuroendocrine differentiation, as demonstrated 
by Derive iiTuuunohistoclienustry and RT-PCR for CsA 
(I), served as a control group. Clinicopathologic data and 
follow- up information were obtained for al] patients. 



For hybridization analysis, total RNA was extracted 
using the guanidine thiocyanate-cesium chloride method 
(5). The concentration of RNA was estimated by spec- 
" trophotometry, and RNA degradation was assessed by 
agarose gel e)ectrophoresis > as previously reported {37). 

Reverse Transcriptase Polymerase Chain Reaction 
for sst2 and Chroroogranm A 

Total RNA (2 p,g) was first digested, with 10 units of 
RNase-free DNase (Boehringer, Mannheim, Germany) 
in a 10 pL solution containing 20 mmol/L MgCl2» to 
avoid DNA contamination. The solution was kept at 
room temperature forTO mirjutesriben heated for 5 min- 
" utes at 70°C to inactivate the DNase molecules; 40 
pmol/L of oligodeoxythymidine primers (oligo-dT16) 
were added and the solution was heated again at 70°C for 
10 minutes, then chilled on ice to allow the primer hy- 
bridization. The resulting solution was reverse tran- 
scribed using 100 units of reverse transcriptase (Gibco 
BRL, Gaitersburg > MD). Complementary DNA (cDNA) 
was generated in a 50-jjlL final reaction volume contain- 
ing 50 mmol/L Tris-HCJ pH 8.3, 75 mmol/L KO, 3 
mmol/L MgCl 2 > 10 mmol/L ditbiothreitol, 1 ntmol/L de- 
oxynucleotide triphosphates (dNTPs), and 20 units of 
RNasin (Proroega, Madison, WJ). The solution was 
heated at 37°C for 90 minutes. Finally, the enzymes were 
inactivated by heating to 70°C for 10 minutes. 

The efficiency of the reverse transcription was deter- 
mined by performing a PCR reaction having the p 2 ~ 
microglobulin "housekeeping gene" as a target. PCR was 
carried out in a 10-p.L final reaction volume containing 
1 ul> of cDNA template, 30 pmol of sense and anlisense 
oligonucleotide primers, 67 mmol/L Tris-HCl pH 8.8, 1 6 
mmol/L (NH 4 )2S0 4 , 0.01% polysorbate 20, 2 mmol/L 
dNTPs, 1 mmol/L MgCl 2 , and 0.5 units of Taq polymer^ 
ase. ^-Microglobulin, sst 2> ^d CgA PCR reactions were 
performed using the same protocol al the following PCR 
conditions: 35 cycles, each cycle consisting of denaturation 
at 94 °C for 2 minutes, annealing at 55 D C for 1 minute for 
^-microglobulin, at 6l D C for sst2, and at 68°C for CgA; 
extension was performed at 72°Cfor 1 minute. The primers 
used for RT-PCR (9,1 1,2337) are reported in Table J. 

The amplified fragments were run in a 1% agarose gel, 
containing .ethidium bromide. Strict precautions against 
contamination w«e undertaken "(19) and negative con- 
trols (a no- template control and a no^everse transcriptase 
control and distilled water to replace the RNA) -were in- 
cluded. The RNA ejnacied from an H716 neuroendocrine 
colon carcinoma cell line, and horn a neuroblastoma (37) 
served as positive controls for CgA and sst2, respectively 

Antibodies 

Two diffcient antibodies specific for sst 2 were em- 
ployed: 'lire fijst one was a monoclonal antibody raised 
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TABLE 1. Sequences of primers used for reverse transcriptase polymerase chain reaction 



Size of PCR 
product (bp) 



Position 



Study 



r) B^-mfcroglobuIin sense: 5' ACC CCC ACT G /*J^^f* 3 r 

2 ^micrSobuKn antisense: 5' ATC TTC AAA CCT CCA TGA TG 3 

3 SSTR2 sense: 5' CAG TCA TGA GCA TCG ACC G A 3' 

4 SSTB2 antisense: 5' GCA AAG ACA GAT GAT GGT GA 3* 

5 CgA sense: 5' GCT CCA AGA OCX CGCTCTCC3- 

§ an tisense: 5- GAC CGA CTC TCG CCT TTC CG 3' 

PCHl polymerase chain reaction. 



'in t}>e Department of Pathology (University of Turin) 
specific for an N-teTmin al s&fluenc^of ^e^ssj^sbared 



. by both A and B receptor isofonns). The octapeptide 
: EPYYDLTS, corresponding to amino acids 35 to 42 of 
\ the human receptor (and differing by one amino acid 

• jrom the mouse sequence), was synthesized, having a 
tysin added to the N-terrninaL This sequence was similar 

/ lotbat used by other groups to produce polyclonal anti- 
bodies (17,18,27). This .sequence was rather short hut 
made it possible to avoid extensive homology with sstl. 

• In addition, according to a genbank search using FASTA 
' (28), this protein sequence is unique to human sst2 and 

• has a partial homology only with rat and buman nuclear 
- receptor retinoid orphan nuclear receptor-beta (a protein 
" having nuclear localization). Three Balb/c mice were im- 
munized with the peptide conjugated to keyhole limpets 

. hemocyanin (KX.H) (Sigma, St. Louis, MO) following 
' the standard procedure. After the first intrasplenic injec- 
tion (100 u.g of protein) at time 0, the mice were intra- 
peritoneally injected six times with the peptide-KLH 
conjugate (150 jxg) in the presence of Freund adjuvant 
The leactivity of the sera from each animal was evalu- 
ated using an enzy rot-linked immunosorbent assay, us- 
ing the peptide coated onto the plastic. The bybridomas 
were produced by somatic fusion of immunized spleno- 
cytes with the mouse myeloma cell line Ag8.X63.653, 
..following the standard. technique (21). Tbe monoclonal 
antibodies of interest were selected on the basis of tbe 
reactivity with the target peptide and with appropriate 
tissue sections: Tbe latter included formalin-fixed and 
paraffin-embedded sections of pituitary. gland and pan- 
creatic islets and weje analyzed by means of immuno- 
peroxidase staining. Parallel control experiments were 
also performed by staining serial sections of these tis- 
sues, emitting tbe primary antibody oi with the preim- 
rauDe serum oi with the antibody preadsoibed with high 
concentrations (1 rog/mJL) of the antigenic peptide. In 
addition, the selected monoclonal antibodies (coded 
10C6 and lOG'lX.botb of IgM isorype, weie runner char- 
acterized by Western blottiDg. Membranes were prepared 
horn stable uninfected Chinese hamster ovary (CHO> 
K) cells, individnaDy expressing recombinant human so- 
ma lost a tin receptors (sstl to sst5). "Western blotting was 
performed as pjeviously described (36). The monoclonal 
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Gussow et aL (9) 
Sestin! et al. (37) 
Helman et al. (11) 



antibody was used as culture supernatant at 1:3 dilution 
j or^?. 'hours at room j empcrature..in Tris-bufTered saline 



(TBS), supplemented with 0.1% polysorbate 20. Blots 
were washed in TTBS and incubated with peroxidase- 
conjugated goat antimouse IgM, diluted 1:1-500 for 90 
minutes at room temperature. Then, blots were washed in 
TTBS and immunocomplexes were visualized u6ing 
ECL following .manufacturer's instructions (Amersbam, 
Bucks, UK). 

A second polyclonal antibody was produced that bad 
been characterized previously (35,36). This antibody 
(coded K230) was raised in sheep and was specific for a 
sequence of tbe C-terrninal portion of the sst2A (KSRL- 
>TET^TQkTiJLr>rEDLQ, amino acids 347 to 366). 

. Irjonaunobistocbemistry 

Sections 4 or 5 p. thick, adjacent to those used for 
conventional histopathologic examination and immuno- 
st^ining for neuroendocrine markers, were collected onto 
poly-L-lysine-coated slides. Tbe proliferative activity of 
the tumors was assessed by means of Ki67 immunosta- 
nining (clone MEB1, lmmunotecb, Marseille, France), 
diluted 1:10 after microwave-based antigen retrieval in 
citrate buffer). The ascitic fluid of monoclonal antibody 
10G4 was used in this study and was applied to tissue 
sections with prior antigen retrieval (three 3- minute pas- 
sages in a.micTOwave oven at 800 W in citrate buffer pH 
6.0), at the dilution of 1:10,000 or 1:12,000 for 30 min- 
utes at room temperature. The antiserum coded K230- 
was applied overnight at a dilution of J :300 with no prior 
antigen retrieval. The immune reactions were then re- 
vealed witb the immunoper oxidase technique (13) using 
the streptavidin-peroxidase )dt and diarninobenzidme as 
chroroogen. A weak nuclear counieistain or no counter- 
stain was used in parallel sections. Control stablings for 
both antibodies included immunopeioxidase of serial 
sections using preimroune serum oi antibody pread- 
soibed with the antigen or buffer instead of the primary 
antibody. 

In Sim Hybridization 

Selected tumors (12 samples) were also analyzed for" 
sst2 mKNA expression by means" of 3 nonradioactive. 
\y j -amide de position- based 1SH technique. Hie procc- 
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dure of amplification was modified from procedures re- 
ported by Kerstens et al (16), Speel et al. (38), and' the 
GenPoint (biodnyl-tynamide) manufacturer (Dako, Glos- 
trup, Denmark). Briefly, 5-pjn-thick paraifih sections 
were collected onto silane-coated slides and deparaf- 
finized through xylene and graded alcohols to phosphate 
buffer saline (PBS). The slides were then incubated for 5 
minutes in a microwave oven at 800 W in citrate buffer 
pH 6.0. After washing in PBS, ihey weie digested with 
proteinase K-(l u-g/rnL) for 10 minutes at 23°C Endog- 
enous peroxidase activity was blocked with 3% hydro- 
gen peroxide and endogenous biotin was blocked using 
— a^driFblocking-Teagent^or— 15 minutes -foBowed-by— 
washing in PBS and biotin-blocking reagent for 15 min- 
utes (3). Sections were then prehybridized for 1 hour at 
room temperature in a mixture composed of 4x SSG, 
50% formamide, Denbardt's lx, dextrane sulfate 5x, 500 
p.g/mL salmon sperm DNA, and 250 ^tg/mL tRNA. Hy- 
bridization took place overnight at 42°C in a solution 
containing the specific probe at a concentration of 1 
pmol/rnL. The probe was a digoxigenin-labeled A 8- base 
oligonucleotide (32)» complementary to positions 91 to 
139 of ibe human sst2 gene (A]). After hybridization,, 
excess hybridization buffer and coverslips were removed 
by a rapid wash in 4x SSC followed by stringent washing 
in O.lx SSC for 10 minutes at 42°C. Tne hybrids were 
revealed by the following incubation sieps: peroxidase- 
labeled antidigoxigenin (diluted 1:100 in PBS) for 30 
minutes at room temperature, biotinylated tyramide (di- 
luted 3:5 in PBS) for 15 minutes at room temperature, 
and per oxidase- labeled srreptavidin for 15 minutes at 
room temperature. Diaminobenzidine was used as chro- 
mogeD. Controls for 1SH included staining of serial sec- 
tions with sense probe, an unrelated probe (EBJER-1 of 
the Epstein-Barr virus), and omission of the probe in the 
hybridization mix lure, with all other experimental con- 
ditions identical to the procedure described here. 



RESULTS 

Reverse Transcriptase Polymerase Chain Reaction 

All neuroendocrine tumors, but no nornjeuroendocrine 
lung carcinomas, were positive for CgA mRNA (fig. 1). 
Sst2 "mRNA was amplified in 22 of 26. samples of neu- 
roendocrine rumor. The signals had variable intensities 
(Pig. 2) and were weak in moderately or poorly differ- 
entiated tumors (mostly in SCCs). No amplification was 
obtained in no-template or no-reverse transcriptase ex- 
periments. Control samples (nonneuroendocrine lung 
carcinomas proven by negative CgA RT-PCR) were 
weakly positive for sst2 in 5 of 20 samples only (includ- 
ing 3 adenocarcinomas, ] squamous, and the large-cell 
anaplastic carcinoma) (Fig. 3). These differences were 
statistically significant (P < 0.01) by X 2 test 

Characterization of Monoclonal Antibodies to sst2. 

Several clones were identified having a positive bind- 
ing by enzyme-linked immunosorbent assay and a par- 
allel immun ore activity' on formalin- fixed paraffin- 
embedded human endocrine tissues (pituitary and pan- 
creatic islets). In Western blotting experiments, two 
clones (coded 1 0C6 and 1 0G4) specifically developed a 
band at approximately 70 kD. When the antibodies were 
. used against CHO-transfecied cells expressing recombi- 
nant somatostatin receptors 1 through 5, a specific band 
corresponding to sst2 (at approximately 70 kD) was re- 
vealed by the monoclonal antibody 10G4. Monoclonal 
antibody 10C6 developed a strong band with sst2 but 
displayed a weaker reactivity also with sstl, 3, and 5, at 
least in the present experimental conditions (Fig. A A,B). 
The same anybodies were also tested by means of in> 
rhunoperoxidase staining, on formalin-fixed, paraffin- 
embedded samples of "normal human pituitary gland and 
pancreas. /Monoclonal antibody }QGA gave good results 
in immunohistochemistry and was used at increasing di- 
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1 2 3 4 5 6 7 8 9 10 11 12 73 }4 15 16 17 18 19 20 21 22 23 24 25 26 C C* M 
FtG. 1. Reverse transcriptase polymerase chain reaction for chromogranih A (CGA) mRNA 
in 26 samples ot neuroendocrine tumor ot the lung. Numbers in each lane correspond to 
sample numbers in Table 2. CGA rnRNA is amplified at 429 bp. C and C* stand for positive 
(neuroendocrine colon carcinoma cell line, H716) and negative (distilled water) controls, 
respectively. The las! column to" the right represents the molecular weight marker. All samples 
are positive with a variable intensity ot the amplification band. . 
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4 5 6 1 8 9 1 0-11 12 13 14 15 16 17 38 19 20 21 22 23 24 25 26 C C* M 
FIG. 2. Reverse transcriptase polymerase chain reaction lor sst2 mRNA in 26 samples of 
"neuroendocrine tumor of the lung. Numbers in each lane correspond to sample numbers in 
Table 2. sst2 mRNA is amplified at 284 bp. C and CVstand for positive, (a neuroblastoma) 
and negative (distilled water) controls, respectively. The last column to the right represents 
the molecular weight marker. Twenty-two of 26 samples are positive with a variable intensity 
of the amplification band. 



lutions (up to 1:15,000) with specific staining. Using thin 
sections (approximately 4 pjn), a strong membrane- 
bound and peripheral cytoplasmic imrounoreactivity was 
found in an adenohypophyseal cell population (corre- 
sponding to growth hormone- secreting cells, as con- 
firmed by double immunohistochernical analyses) and in 
pancreatic islets (Fig. 4 C,D). In the latter, the staining 
was apparently not Testricted to a specific hormone- 
producing cell type and had a peripheral cytoplasmic or 
membrane distribution. Exocrine pancreaiic cells (both 
acinar and ductal) were only occasionally immuno : 
stained. lrnrnODohisiochemisD7 performed on serial con- 
trol sections, either omitting the primary antibody or us- 
ing the preimmune serum or antibodies preabsorbed with 
the synthetic peptide, was negative in both tissues. 
Monoclonal antibody 10C6 had a relatively higher back- 
ground staining at similar dilutions. 

lrrununohistocheniistr>* - * 

The antibodies tosst2 (monoclonal antibody )0G4 and 
polyclonal K230) gave slightly different immunoreac- 
tions in 25 samples, and staining was not done in 1 
sample because of lack of residual paraffin blocks. The 
monoclonal antibody J 0GA stained 21 of 25 samples, the 



negative samples being 1 atypical carcinoid and 3 SCCs 
(Fig. 5). The rumors had 5% to 75% of the neoplastic 
cells immunoreactive. The staining was at the periphery 
of the cytoplasm, and omitting the counterstain its mem- 
brane-bound distribution was better outlined in most 
samples (Fig. 6). One sample of atypical carcinoid {no. 
21) was focally immunoreactive for sst2, despite nega- 
tive RT-PCR findings. Conversely, sample no. 26 was 
immunohistochemistry negative and RT-PCR posiiive. 
The antiserum anti-sst2A (code K230) gave positive sig- 
nal in 19 of 25 samples, in 5% to 60% of the neoplastic 
cell population (Fig. 7). The location of the staining was 
at the membrane level associated with a weak cytoplas- 
mic reactivity. The same pattern was seen in positive 
controls, e.g., pancreatic islets (Fig. 7, inset). Two 
samples (nos. 19 and 26) were negative in spite of a 
positive RT-PCR signal. Two other tumors (nos. 21 and 
-22), apparently devoid of sst2 mRNA, showed a small 
percentage of immunoreactive cells. Incidentally, one of 
these latter samples (no. 21) was also immunoreactive 
with monoclonal antibody 10G4 (Table 2). 

The five control samples positive 'by RT-PCR were 
also reactive with the antibodies. The type of immuno- 
cytochemical location of s*st2 receptors was similar to 
that described here, being a peripheral cytoplasmic stain- 



284 bp 



M 1 2 3 4 5 6 7 3 9 30 U 12 13 14 15 )6 ]7 J8 J9 20 C C* M 

FIG. 3. Reverse transcriptase polymerase chain reaction for sst2 mRNA in 20 control 
samples ol nonneuroendocrine lung carcinoma. Five ot 20 samples show a weak band pi 
284 bp corresponding to sst2 mRNA. Control columns (C and C) are identical to those in 
FiQ 2. 
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FIG. 4. Western blot analysis of monoclonal antibody 
clones 10G4 and 10C6 against ssl2 in Chinese hamster 
ovary celts transfected with recombinant sst 1 through 5 
(numbers of each column "correspond to receptor type). 
Monoclonal antibody 10G4 shows a specific band al ap- 
proximately 70 kD for sst2 only (A) as opposed to mono- 
clonal antibody 10C6, which strongly reacts with sst2 but 
also has some degrees of cross-reactivity with sst 1. 3, 
and 5 (B). The lower figures show control formalin-fixed 
paraffin-embedded pancreatic islets immunostained with 
monoclonal antibody 10G4 without (C) and with (D) 
preadsorption with the peptide antigen, respectively. The 
majority of endocrine cells show a membrane-bound im- 
muhoreaclivity (C) (immunoperoxidase). Bar: 90 urn. 



ing present in 40% to 70% of neoplastic ceUs. A weak 
and focal staining was also observed in five of the re- 
maining RTPCR-negative samples, when the antibody 
K230 was used (but not when the monoclonal was em- 
ployed). 

Several cells in pentumoial tissues were occasionally 
stained. Ciliated cells of bronchial mucosa h3d a periph- 
eral staining al the cijia border. .Mucous glands were 
negative. Rare chondrocytes bad a membrane stainine. 
The wall of periiumora) as well as of occasional distant 
vessels was stained at the endothelium level and in oc- 
casional smooth muscle cells. 

. The reactivity "of both antibodies was abolished in se- 
rial sections when the reagents were pica bsor bed with 
the respective synthetic peptides, but not when an unre- 
lated peptide was used. The peri run? oral bronchial mu- 
cosa had a /oca] staining of ciliated cells with both an- 
tibodies. This jeaclivity disappeared- when tiie prcab- 
soibed a nobody was applied. 



In Situ Hybridization 

Eight of J 2 samples stained by ISH were positive for 
sst2 mRNA. The mRNA was present in a percentage of 
cells (ranging from 10% to 40%) and gave a weak signal 
(Rg- 8), despite the amplification provided by the tyra- 
mide-based procedure. The background level was mini-, 
mal using diluted biotnrylated tyramide. Control sections 
stained with sense probe or an unrelated probe, or omit- 
ting the pi obe, were consistently negative. * . 

Clinical Data 



Qmicopathologic data are summarized in Table 2. At 
follow-up, the majority of patients with typical carci- 
noids are free from disease 1 to 11 years after surgery. 
Two patients are alive with stable metastatic disease. 
Patients affected by atypical carcinoids had disease pro- 
gression in one third of samples. Finally, patients with SCC 
had fatal outcomes within 1 year from diagnosis (except the 
recent sample). Eight patients had preoperative octreotide 
scintigraphy performed at the time of diagnosis. AD patients 
had positive octreoscan findings, "and, in these patients, 
also the tumor was positive by RT-PCR and immu- 




FIG- 5. sample no. 25 (small cell carcinoma). Absence ol 
immunoreaclivity for sst? with the monoclonal 10G4. This 
sample was also negative by reverse transcriptase poly- 
merase chain reaction and in situ hybridisation. (Immuno- 
peroxidase in a formalin- fixed par affin-embedcied sample. 
Nuclei slightly counterstainecf with hernalurn.) Bar; 45 urn. 
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nohistochejnaistry or ISH. In addition, three of these pa- 
tients received octreotide therapy administered at the 
aine of tumor recurrence or metastatic spread. Stable 
disease is recorded at follow-up more than 5 years after 
diagnosis. 

ComJations 

Overall, complete overlapping (i.e., RT-PCR, ISH, 
and immnnohistochemistry with two antibodies) be- 
tween sst2 gene and pjotein expression was obtained in 
21 of 25 samples (84%) and between RT-PCR results 
aj^JjmmmolasiocDerruca] .. findingS-with.^tJeasl-Ope-of- 



the antibodies in 24 of 25 samples (96%). The monoclo- 
nal antibody 10G4 looked highly sensitive, being able to 
stain all but one sample (no. 26) (95%) positive for sst2 
mRNA by RT-PCR. Sst2 expression, at mRNA as well 
as at protein levels, was reduced in high grade tumors, 
with SCCs being weakly positive in only two of five 
samples. Decreasing expression of ssi2 appears to cor- 




FIG. 6. sample no. 16 (typical carcinoid). Immunohisto- 
chemical detection ol sst2 by means ol monoclonal anti- 
body 10G4. The neoplastic cells have a peripheral cyto- 
plasmic staining and membrane posilivity in some xells, 
whereas the peribronchial gland adjacent to the tumor is 
unreactrve. (Immunopercxidase in a foimalin-tixed paral- 
iin-embedded sample. Nuclei slightly counterstained with 
hemalum.) Bar: 45 pm. The membrane bound distribution 
ol the immunostaining is better outlined in a parallel sec- 
tion stained lor monoclonal antibody 10G<1 omitting' 
nuclear counter stain (inset). 




FIG. 7. Same sample as in Fig. 6. Immunobistocbemical 
detection ol sst2 by means of the poryclonaj antibody 
K230. The immunostaining is more intense at the cell bor- 
der (arrows), as observed with the monoclonal antibody. 
In the inset, a pancreatic islet, used as positive control, 
shws a predominant membrane- bound immunostaining of 
many neuroendocrine cells. (Imrnunoperoxldase in a for- 
malin-fixed paraffin-embedded sample. Nuclei slightly 
counterstained with hemalum.) Bar 45 um. 

relate with high tumor grade and elevated proliferative 
activity, but not with other parameters such sex, age, or 
minor size. 



DISCUSSION 

la this study, the presence of sst2 mRNA has been 
demonstrated in a series of resected neuroendocrine ru- 
mors of the lung by.means of RT-PCR and confirmed by 
a sensiiive nonradioactive tyramide-based 3SH procedure 
and by immunobisiocbemistry with anti-sst2 antibodies. 
Samples of both carcinoid tumors and SCCs were sst2 
positive, although a reduced, or absent signal was ob- 
served in poorly differentiated (smaU r cell) carcinomas. 
This is the first study of sst2 expression in a relatively 
laroe series of neuroendocrine tumors of the lung. Single 
samples of human carcinoids and SCCs (including cell 
lines of ihe huer) had previously been analyzed and 
found to express sst2 (7J5;30,32,33,39 f 42). Several 
methods have been used to detect these receptors and 
partially overlapping results-were obtained. 

In die present study, the expression of high amounts of 
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TABLE 2, Oinicopathologic data and somatostatin receptor type 2 (sst2) expression in 26 cases of neuroendocrine 

- lung tumors 
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AWD, alive wilh disease; CgA, chromogranin A; DOD, died ot disease; ■* F t focal: positive in <5% of cells; JHC; Immunohistochemislry; 
Mab, monoclonal antibody; NECa, Neuroendocrine carcinoma; NED, no evidence of disease; NET, neuroendocrine tumor, NT, not tested; 
RT'PCR. reverse transcriptase polymerase chain reaction; SCC, SmaO-cell lung carcinoma; SYP, synaptophysin; WD, weD differentiated. 

" Ki67 )HC: values correspond to percentage of positive nuclei of neoplastic celts. 

t Patients who had preoperative octreoscan performed. 

t Patients who had octreoscan performed and octreotide treatment. 



ssx2 mRNA was confirmed in well to rabderateJy differ- 
entiated neuroendocrine tumors, in agreement with the 
resufts obtained by Renbi et a). (32) by means of radio- 
active 1SH. The presence of sst2 mRNA in SCC had 
never been reported in human specimens* except for two 
samples included inJReubi et al's series (32). Although 
the data on ce)] Oines support the observation that SCCs 
contain sst2 (42), slighdy discrepant results were found 
in some of samples described here. Unfortunately, SCCs 
are rarely operated on, and therefore it is difficult to 
collect a large number of smgica]. specimens. The five 
samples studied in the current series by means of RT- 
PCR had a low amount (two samples) or absent (three 
samples) sst2 mRNA. This could be the result of the 
extensive neaosis commonly present in such rumor 
types. However, because care was taken to freeze frag- 
ments thai weje.macjoscopically devoid of necrotic ar- 
eas, a more likely hypothesis is that sst2 expression is 
reduced in poorly differentiated rumois. Recently, Reis- 
inger et a). (29) showed that the uptake of somatostatin 
analogues in patients with SCC undergoing chemo- 
therapy is significantly lower, and therapeutic external 
factors" inay affect the receptor status of individual m- 
mors. In addition, the uptake of somatostatin analogues 
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in metastatic deposits of SCC has been shown to be low 
or absent (29,2). The present findings suggest that the 
-ssl2 rnRNA content is related to the degree of tumor 
differentiation. These data must be corrfkroed in larger 
series of nonneurbeudocrine tumors to ascertain whether 
the observed loss or decrease of sst2 expression in neu- 
roendocrine rumors is a common, event Jinked to neo- 
plastic dedifferentiation. In addition, further studies are 
needed to assess the functionality of such receptors, by 
comparing the profile of sst2 expression in tumor tissues 
with binding assays employing labeled somatostatin and 
with the clinical response to diagnostic and therapeutic 
administration of somatostatin analogues. 

To this purpose, several investigators have demon- 
strated a correlation between clinical imaging or re- 
sponse to somatostatin analogue treatment, and sst2 
mRNA content in single . samples of carcinoid tumors 
(15,22). Northern blotting and ISH weie the techniques 
used for sst2 mRNA ideutifjearion. This kind of corre- 
lation is useful for selecting patients for somatostatin 
analogue treatment, although the demonstration of recep- 
tor rnRNA in a eel) does not imply per se dial the recep- 
tor is fully functional. 

The present study relied, on a highly sensitive lech- 
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HG..B* sample -no.- -14- (typical carcinoid). In -sittFhybrid- 



ization (ISH) for sst2 mRNA shows a weak cytoplasmatlc 
staining (A) in most tumor ceils.. An ISH performed with an 
unrelated probe was negative in a serial seclion of the 
same tumor (B). This sample was strongty positive by 
reverse transcriptase polymerase chain reaction for sst2 
mRNA and by tmmunohistochemistry. (Nonradioactive- 
ISH revealed by peroxidase and diaminobenztdine, as 
substrate. Nuclei counterstained with hemaJum.) Bar: 
75 pm. ' - . 



; nique, RT-PCR, to identify all samples bearing even 
small amounts of sst2 mRNA. Indeed, in a previous 
study, single samples exhibiting octreotide-binding sites 
- had no demonstrable sst2 mRNA by means of ISH, pos- 
sibly due to the low sensitivity of the ISH procedure (34). 
The RT-PCR bas sbown sst2 mRNA transcripts in tbe 
majority of samples here studied. Only four samples 
were negative, all belonging to poorly differentiated high 
grade rumors, which usually follow an aggressive course. 
A decrease of sst2 mRNA expression in association with 
neuroendocrine rumor dedifferentiation had also been re- 
ported in neuroblastomas (37). In tbe above report, as 
well as in the current study, samples having an unfavor- 
able prognosis were found to contain a relatively low . 
amount of sst2 mRNA, as compared with well- 
differentiated rumors. 

In the current sample series, eight samples were in- 
vestigated before surgery with radiolabeled octreotide. 
Despite the low fjo UJ es, al) the samples positive at the 
diagnostic procedure bad a strong RT-PCR signal for 
sst2 mRNA. Three of eight patients were also responsi ve 
to octreotide treatment administered at the time of re- 
lapse or metastatic spread. More extensive correlative 
clinicopaihoJogjc studies on the sst status are needed to 
better define the tissue distribution, of somatostatin bind- 
ing sites and their potential clinical role in the treatment 
°f patients. 

Sst2 evaluation. by means of ISH (J 4,32) or RT-PCR 
(26,37) is a highly sensitive and reliable procedure. Un- 
fortunately, these techniques have: limitations because 

frozen tissue is needed for some of them, and radioactive 

material or costly and time-consuming methods aic nec- 



essary for others. Inmuitobislocbcraical analysis of sst2 
by means of specific antibodies represents an ideal, 
cheap, and rapid alternative, easily applicable to archival 
material. For these reasons, several investigators have 
raised polyclonal antibodies specific for sst (8,10,15,17, 
J 8). In tbe current study, tested tumor fragments adjacent 
to those snap frozen for RT-PCR analysis were tested 
with a polyclonal antibody against a C-terminaJ portion 
of the sst2A splice variant (35,36). In addition, .a monr> 
clonal antibody was produced in the Department of Pa- 
thology (University of Turin) against an N-tenninal se- 
quence of tbe human sst2. This antibody was the first 
monoclo n al devel oped against sst2 and was..sbown to be 



highly specific for sst2 in Western blot and immunohis- 
tocbemical analysis. Both tbe monoclonal and tbe poly- 
clonal antibodies specifically reacted with all. samples 
also positive by RT-PCR (with minor discrepancies in 
two samples, likely due to tumor heterogeneity). The 
observed correlation between RT-PCR and irninunohis- • 
tocbemistry indicates thai tbe latter may be a reliable 
diagnostic tool and may allow inamunobistocbernical in* 
vestigation for sst2 even in small biopsy samples. This in 
turn may enable a rapid screening of sst2-positive .tumors 
for medical treatment with somatostatin analogues. 

Having confirmed in a relatively large series that the 
vast majority of. neuroendocrine rumors of the lung con- 
tain variable amounts of sst2 mRNA, a final comment is 
deserved for sst2 expression in nonneuroendocrine lung 
carcinomas. Mo data have been reported thus far in tbe 
literature concerning normal human lung, although in the 
present study some bronchial cells of perirumoral paren- 
chyma were positive for sst2 when nmnunohistocbemi- 
cal analysis was performed with either antibody. The 
staining was specific because it was abolished using pre- 
absorbed antibodies. Therefore, it is likely that normal 
human lung tissue contains sst2/ This might be con- 
firmed by alternative techniques (eg.,* Western blot, RT- 
PCR). However, in situ morphologic procedures, such as 
those employed here, have definite advantages. In fact, 
the Jung is rich in vessels, and in several tissues (either iri- 
tumoral or in mflajmmatory- reactive conditions) tbe ves- 
sels were recently shown to contain sst (6). 

A low expression of sst2 was found in 25% of lung 
carcinomas of nonneuroendocrine type investigated in 
the present study by means of RT-PCR. Therefore, sst 
type 2, at least, does not appear to be extensively ex- 
pressed in nonneuroendocrine carcinomas of die Jung. 
However, because two tumors in the control group (a 
squamous carcinoma and an a den ocaj c in om a, respec- ■ 
lively) had positive octreotide scintigraphy, but no ssi2 
mRNA, .it is plausible that a heterogeneous disDibution 
of sst occurs in norxneuroendocrine lung rumors. Other 
receptor types may be expressed in these rumors arid may 
be responsible for die positive jesults in diagnostic test- 
ing. Because sso. is also known to bind somatostatin 
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analogues, such as octreotide, with high affinity (24), the 
expression of this leceptox type will be investigated in 
future studies. □ 
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Expression of somatostatin receptor types 1-5 in 81 cases of 
gastrointestinal and pancreatic endocriue tumors. A correlative 
immunohistochemical and reverse-transcriptase polymerase chain 
reaction analysis. 

Papotti M , BonRiovanni M, Volanie M . ANia £ , Landolfi S . Heiboe L , Schindler M 
Cole SL . Bussolari G \ 

Department of Biomedical Sciences and Oncology, University of Turin, Via Santena 7, 
10126 Turin, Italy, mauro.papotti@unito.it 

Somatostatin receptors (SSTRs) have been extensively mapped in human tumors by 
means of autoradiography, reverse-transcriptase polymerase chain reaction (RT-PCR), in 
situ hybridization (ISH) and immunohistochemistry (IHC). We analyzed the SSTR type 
1-5 expression by means of RT-PCR and/or IHC in a series of 81 functioning and non- 
functioning gastroenteropancreaitc (GEP) endocrine tumors and related normal tissues. 
Moreover, we compared the results with clinical, pathological and hormonal features. 
Forty-six cases (13 intestinal and 33 pancreatic) were studied for SSTR 1-5 expression 
using RT-PCR, IHC with antibodies to SSTR types 2, 3, 5 and ISH for SSTR2 rnllNA. 
The vast majority of tumors expressed SSTR types 1 , 2, 3 and 5, while SSTR4 was 
detected in a small minority. Due to the good correlation between RT-PCR and IHC data 
on SSTR types 2, 3, and 5, thirty-five additional GEP endocrine rumors were studied with 
IHC alone. Pancreatic insulinomas had an heterogeneous SSTR expression, while 100% 
of somatostatinomas expressed SSTR5 and 100% gastrinomas and glucagonomas 
expressed SSTR2. Pre-opcrative biopsy material showed an overlapping 
immunoreactivity with that of surgical specimens, suggesting that the SSTR status can be 
detected in the diagnostic work-up. It is concluded that SSTRs 1-5 are heterogeneously 
expressed in GEP endocrine tumors and that IHC is a reliable tool to detect SSTR types 
2 3 3 and 5 in surgical and biopsy specimens: 
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P-cadherin overexpression is an indicator of clinical outcome in invasive 
breast carcinomas and is associated with CDH3 promoter 
hyponiethylation. 

Paredes J , Albergaria A, Oh'vcira JT . Jcronimo C MUanezi F , Schmitt FC . 

Institute of Pathology and Molecular Immunology of Porto University (rPATIMUP) 
Braga, Portugal, jparedes@ipatimup.pt 

PURPOSE: P-cadherin overexpression has been reported in breast carcinomas where it 
was associated with proliferative high-grade histological tumors. This study aimed to 
analyze P-cadherin expression in invasive breast cancer and to correlate it with tumor 
markers, pathologic features, and patient survival. Another purpose was to evaluate the P- 
cadherin promoter methylation pattern as the molecular mechanism underlying this gene 
regulation. EXPERIMENTAL DESIGN: Using a series of invasive breast carcinomas, P- 
cadhenn expression was evaluated and correlated with histologic grade, estrogen 
receptor, MIB-1, and p53 and c-erbB-2 expression. In order to assess whether P-cadherin 
expression was associated with changes in CDH3 promoter methylation, we studied the 
methylation status of a gene 5'-flanking region in these same carcinomas. This analysis 
was also done for normal tissue and for a breast cancer cell line treated with a 
demethylating agent. RESULTS: P-cadherin expression showed a strong correlation with 
high histologic grade, increased proliferation, c-erbB-2 and P 53 expression, lack of 
estrogen receptor, and poor patient survival. This overexpression can be regulated by 
gene promoter methylation because the 5-Aza-2'-deoxycytidine treatment of MCF-7/AZ 
cells increased P-cadherin mRNA and protein levels. Additionally, we found mat 71% of 
P-cadherin-negative cases showed promoter methylation, whereas 65% of positive ones 
were unmethylated (P - (X005). The normal P-cadherin-negative breast epithelial cells - 
showed consistent CDH3 promoter methylation: CONCLUSIONS: P-cadherin expression 
was strongly associated with tumor aggressiveness, being a good indicator of clinical 
outcome. Moreover, the aberrant expression of P-cadherin in breast cancer might be 
regulated by gene promoter hypomethylation. 
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Maiumaiy-derived growth inhibitor protein and messenger ribonucleic 
acid concentrations in different physiological stntes of the gland. 

PpKtis I, Gorcwit RC , MuUer T\ Grossc R . 

Department of Animal Science, Cornell University, Ithaca 14853. 

Expression of mammary-derived growth inhibitor in tissue from lactating and involuting 
bovine mammary glands was investigated. Seventeen lactating, pregnant (220 to 272 d in 
gestation) cows were divided in two groups of 8 and 9 cows each. Cows of the first group 
were slaughtered while in lactation. Cows of the second group (9 involuting cows) were 
slaughtered at 13 to 52 d following sudden cessation of milking. High concentrations of 
mammary-derived growth inhibitor (.63% of the total protein) were detected in mammary 
tissue of lactating cows. Mammary-derived growth inhibitor (less than .10% of die total 
protein) was dramatically reduced during most of the involution period (13 to 45 d 
following cessation of milking). Mammary-derived growth inhibitor was again detected ' 
(.28% of the total protein) during the last stage of the involution (46 to 53 d after 
cessation of milking), which coincided with colostrum formation. When steady state 
concentrations of mammary-derived growth inhibitor mRNA were examined, the results 
obtained mirrored those obtained at the protein concentration. These data suggest that 
regulation of mammary-derived growth inhibitor occurs via modulation of the steady 
state concentration of its mRNA. Furthermore, there is a strong correlation between 
mammary-derived growth inhibitor expression and lactation in dairy cows. 
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T-cell receptor V beta-family usage in primary cutaneous and primary 
nodal T-ceU uon-Hodgkin's lymphomas. 

iTr^ H ' fiaJS ' Tilanus MG - de « Schuurman HJ Reitsma R, van 
Wichen DP , van Vloten WA , de Weger RA . ~ •" — 

Department of Pathology, University Hospital Utrecht, The Netherlands. 

To evaluate whether the expression of T-cell receptor (TCR) V beta families in eight 
cases of malignant T-cell lymphomas took place in a preferential manner, we analyzed 
four cases of mycosis fungoides (MF), the most common form of primary cutaneous T- 
cell non-Hodgkin's lymphomas (NHL), and four cases of primary nodal T-cell NHL The 
usage of V beta families in T-cell populations was investigated on mRNA that was 
transcribed to cDNA using a C beta primer and reverse transcriptase. Subsequently the 
specific usage of the families was analyzed by polymerase chain reaction (PCR) us'ine 
combinations of the selected C beta-oligonucleotide primer and one of the family-specific 
V beta pnmers. Peripheral blood lymphocytes from four healthy volunteers and I 
reactive" lymph node served as a control and expressed all 20 V beta families tested for 
In I -cell lines, with restricted V beta expression, and in three patients With advanced MF 
only one or two V beta families were expressed at the mRNA level. In an early MF lesion 
this monoclonal expression was absent: several V beta families were expressed with a 
weak intensity. Thus may indicate either a polyclonal origin of MF, or that too few 
monoclonal neoplastic cells were present in the tissue specimen. In the four nodal T-cell 
NHL, only one family could be clearly distinguished, whereas some of the other V beta 
families showed only a weak expression. These latter families represent the reactive T- 
cell component in the nodal T-cell NHL. Both in nodal T-cell NHL and in MF there was 
no preferential expression of a particular V beta family. There was a good correlation 
between PCR data and the expression of V beta-family protein products observed by 
immunohistocliemistry.on tissue sections of the T-cell lymphomas. All T-cell lines three 
cases of MF, and three cases of nodal T-cell NHL showed a rearrangement of the TCR 
beta chain on DNA level. 
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Matrilin-3 in human articular cartilage: increased expression in 
osteoarthritis. 

p »"Jg Q> Wcseioh G . Klatt AR . Wagener R, Swoboda B . 

Division of Orthopaedic Rheumatology, Department of Orthopaedics, University of 
Erlangen-Nuremberg, Rathsberger Str. 57, D-91054 Erlangen, Germany. 
oliver.pullig@med:uni-erlangen.de 

OBJECTIVE: Matrilin-3 is a member of the recently described matrilin family of 
extracellular matrix proteins containing von Willebrand factor A-like domains. The 
matriiin-3 subunit can form homo-tetramers as well as hetero-oligomers together with 
summits of matrilin- 1 (cartilage matrix protein). It has a restricted tissue distribution and 
is strongly expressed in growing skeletal tissues. Detailed information on expression and 
distribution of extracellular matrix proteins is important to understand cartilage function 
in health and in disease like osteoarthritis (OA). METHODS: Normal and osteoarthritic 
cartilage were systematically analysed for matrilin-3 expression, using 
inimimom'stpchemistry, Western blot analysis, in situ hybridization, and quantitative 
PCR. RESULTS: Our results indicate that matrilin-3 is a mandatory component of 
mature articular cartilage with its expression being restricted to chondrocytes from the 
tangential zone and the upper middle cartilage zone. Osteoarthritic cartilage samples with 
only moderate morphological osteoarthritic degenerations have elevated levels of 
matrihn-3 mRNA. In parallel, we found an increased deposition of matrilin-3 protein in 
the cartilage matrix. Matrilin-3 staining was diffusely distributed in the cartilage matrix, 
with no cellular staining being detectable. In cartilage samples with minor osteoarthritic 
lesions, matrilin-3 deposition was restricted to the middle zone and to the upper deep 
zone. A strong correlation was found between enhanced matrilin-3 gene and protein 
expression and the extent of tissue damage. Sections with severe osteoarthritic 
degeneration showed the highest amount of matriiin-3 mRNA, strong signals in in situ 
hybridization, and prominent protein deposition in the middle and deep cartilage zone. 
CONCLUSION: We conclude that matrilin-3 is an integral component of human articular 
carrilage matrix and that the enhanced expression of matrilin-3 in OA may be a cellular 
response to the modified microenvironment in the disease. Copyright 2002 OsteoArthritis 
Research Society International. 
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Up-regulation of mitochondrial peripheral benzodiazepine receptor 
expression by tumor necrosis factor alpha in testicular leydig cells. 
Possible involvement in cell survival: 

Rey C , Maudutf C , Naureils O , Benahmcd M , Louisot P , Gasnier F . 

uNSERM U. 189, Faculte de Medecine Lyon-Sud, BP12, 69921 cedex, Oullins, France. 

Porcine Leydig cells in primary cultures are resistant to tumor necrosis factor alpha 
(TNFalpha) cytotoxicity. Here we report that these cells can be rendered sensitive to 
TNFalpha killing by treatment with the transtational inhibitor cycloheximide, suggesting 
the existence of proteins that can suppress the death stimulus induced by the cytokine. In 
search of these cytoprotective proteins, we focused on the constituents of the 
mitochondrial permeability transition pore (PT pore), whose opening has been shown to 
play a critical role in the TNFalpha-mediated death pathway. We found that TNFalpha 
up-regulated mRNA and protein expression of the mitochondrial peripheral 
benzodiazepine receptor (PBR), an outer membrane-derived constituent of the pore. A 
strong correlation was established between the resistance of the cells to TNFalpha killing 
and the density of PBR-binding sites. Concomitantly, TNFalpha down-regulated Bcl-2 
mRNA and protein expression. As Bcl-2 has been shown to be an endogenous inhibitor 
of the PT pore, we hypothesize that the TNFalpha-induced up-regulation of PBR 
expression may compensate for the decrease in Bcl-2 levels to prevent the opening of the 
PT pore. 
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GLUTl messenger UNA and protein induction relates to the malignant 
transformation of cervical cancer. 

RutHovvski C . Becker AJ . Schroder W , Rath VV , Buttner R . Moser M. 

Dept of Gynecology and Obstetrics, University Hospital Heidelberg, Vossstr 7-9, D- 
691 15 Heidelberg, Germany. 

We studied whether induction of glucose transporters (GLUTs) I to 4 correlates with 
human papillomavirus (HPV)-dependent malignant transformation of cervical epithelium. 
Tissue samples of cervical intraepithelial neoplasia (CIN; grades I to 3), invasive 
carcinomas, and lymph node metastasis were examined. HPV typing was performed. 
Tissue sections were imxnunostained with GLUT1 to GLUT4 antibodies. Messenger 
RNA (mRNA) in situ hybridization confirmed GLUT1 protein expression. Weak 
expression of GLUTl was found in nondysplastic HPV-positive and HPV-negative 
epithelium; significant expression was observed in preneoplastic lesions, correlating with 
the degree of dysplasia. In CIN 3 high-risk HPV lesions, cervical cancer, and metastasis, 
GLUTl was expressed at highest levels with a strong correlation of GLUTl mRNA and 
protein expression. Imrriunostains for GLUT2 to GLUT4 were negative. Cervical tumor 
cells respond to enhanced glucose utilization by up-regulation of GLUTl . The strong 
induction of GLUTl mRNA and protein in HPV-positive CIN 3 lesions suggests GLUTl 
overexpression as an early event in cervical neoplasia. GLUTl is potentially relevant as a 
diagnostic tool and glucose metabolism as a therapeutic target in cervical cancer. 
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Exprcssioa and distribution of lammin alpha! and alpha2 chains in 
embryonic and adult mouse tissues: an immunochemical approach, 

gasaki T, Giltay R . Talts U , Timpl R, Talts JF . 

Max-Planck-lnstitute for Biochemistry, Martinsried, D-82152, Germany. 

Protein levels, mRNA expression, and localization of larninin alphal and alpha2 chains in 
development and in adult mice were examined. Recombinant fragments were used to 
obtain high-titer-specific polyclonal antibodies for establishing quantitative 
radioimmuno-inhibition assays; This often demonstrated an abundance of alpha2 chain, 
but also distinct amounts of alpha I chain for adult tissues. The lughest amounts of alphal 
were found in placenta, kidney, testis, and liver and exceeded those of alpha2. All other 
tissue extracts showed a higher content of alpha2, wliich was particularly high in heart 
and muscle when compared to alphal . Content of gammal chain, shared by most 
laminins, was also analyzed. This demonstrated gammal chain levels being equal to or 
. moderately exceeding die sum of alphal and alpha2 chains, indicating that these isoforms 
. represent the major known larninin isoforms in most adult mouse tissues so far examined. 
Moreover, we found good correlation between radioimmuno-inhibition data and mRNA 
levels of adult tissues as measured by quantitative real-time reverse transcriptase-PCR. 
Embryonic tissues were also analyzed by radioimmuno-inhibition assays. This 
demonstrated for day 1 1 embryos comparable amounts of alphal and gammal and a 
more than 25-fold lower content of alpha2. This content increased to about 10% of 
alphal in day 13 embryos. The day 18 embryo showed in heart, kidney, and liver, but not 
yet in brain and lung, alpha l/alpha2 chain ratios comparable to those in adult tissues. 
Immunostaining demonstrated alpha Tin Reichert's membrane (day 7.5), while alpha2 
could not be detected before day 1 1 .5. These data were compared with 
immunohistochemical localization results on several more embryonic and adult tissue 
sections. Our results regarding localization are consistent with those of earlier work with 
some notable exceptions. This was in part due to epitope masking for monoclonal 
antibodies commonly used in previous studies in esophagus, intestine, stomach, liver, 
kidney, and spleen. 
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Discordant regulation of granzyme H and granzyme B expression in 
human lymphocytes. 

Sedelies KA, Saycrs TJ, Edwards KM . Chen W. Pellicci DG . Godfrey PI , Trapani 
JA . ' ' 

Cancer Immunology Laboratory, Peter MacCallum Cancer Centre, Locked Bag 1 , 
A'Beckett Street, East Melbourne, 8006, Australia. 

We analyzed the expression of granzyme H in human blood leukocytes, using a novel 
monoclonal antibody raised against recombinant granzyme H. 33-kDa granzyme H was 
easily detected in un fractionated peripheral blood mononuclear cells, due to its high 
constitutive expression in CD3(-)CD56(+) natural killer (NK) eel Is, whereas granzyme B 
was less abundant The NK lymphoma cell lines, YT and Lopez, also expressed high 
granzyme H levels. Unstimulated CD4(+) and particularly CD8(+) T cells expressed far 
lower levels of granzyme H than NK cells, and various agents that classically induce T 
cell activation, proliferation, and enhanced granzyme B expression failed to induce 
granzyme H expression in T cells. Also, granzyme H was not detected in NK T cells, 
monocytes, or neutrophils. There was a good correlation between mRNA and protein 
expression in cells that synthesize both granzymes B and H, suggesting that gzmH gene 
transcription is regulated similarly to gzmB. Overall, our data indicate that although the 
gzmB and gzmH genes are tightly linked, expression of the proteins is quite discordant in 
T and NK cells. The finding that granzyme H is frequently more abundant than granzyme 
B in NK cells is consistent with a role for granzyme H in complementing the pro- 
apoptotic function of granzyme B in human NK cells. 
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BCL2 protein expression parallels its mRNA level in normal and 
malignant B cells. 

ShenY, Iqbal J, Huang JZ , Zhou G , Chan WC . 

Department of Pathology and Microbiology, University of Nebraska Medical Center, 
Omaha, USA. 

The regulation of B-cell lymphoma 2 (BCL2) protein expression in germinal center (GC) 
B ceils has been controversial. Previous reports have indicated posttranscriptional 
regulation plays a dominant role. However, a number of recent studies contradicted these 
reports. Using real-time polymerase chain reaction (PCR) and Standardized Reverse 
Transcriptase-PCR (StaRT-PCR), we measured the level of mRNA expression in GC, 
mantle zone (MNZ), and marginal zone (MGZ) cells from laser capture microdissection. 
Both quantitative RT-PCR measurements of microdissected GC cells from tonsils 
showed that GC cells had low expression of BCL2 transcripts commensurate with the 
low protein expression level. These results are in agreement with microarray studies on 
fluorescence-activated cell sorter (FACS)-sorted cells and microdissected GC cells. We 
also examined BCL2 mRNA and protein expression on a series of 30 cases of diffuse 
large B-cell lymphoma (DLBCL) and found, in general, a good correlation. The results 
suggested that BCL2 protein expression is regulated at the transcriptional level in normal 
B cells and in the neoplastic cells in most B-cell lymphoproliferative disorders. 
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Quantitative determinations of the steady state transcript levels of 
hexokinase isozymes and glucose transporter isoforms in normal rat 
tissues and the malignant tumor cell line AH130. 

Shinohara Y. Yamamoto IC InooJC, Yamazaki N . Terada BL 

Faculty of Pharmaceutical Sciences, University of Tokushima, Japan. 
yasuo@ph.tokushima-u.ac.jp 

The steady state transcript levels of the four hexokinase (HK) isozymes and four glucose 
transporter (GLUT) isoforms were determined quantitatively by Northern analysis of 
RNA samples from rat tissues using synthetic fragments of the RNAs encoding the HK 
isozymes and GLUT isoforms. Results showed that the levels of HK isozyme transcripts 
were low in rat tissues, the level of that most highly expressed, the type I isozyme (HKI), 
in the brain being 0.025% of the total poly(A)+- RNA. A good correlation was found 
between the reported HK activities and the total amounts of transcripts encoding all HK 
isozymes in various tissues, showing that the HK activities in tissues can be estimated 
from the total amount of transcripts encoding HK isozymes. The proposed associated 
expressions of HK isozymes and GLUT isoforms in particular tissues were confirmed at 
their transcript levels. The steady state transcript levels of type II HK and the type I 
GLUT isoform in the malignant tumor cell line AH1 30 were also determined 
quantitatively. 
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UVA irradiatiou-iaduccd activation of activator protein-1 is correlated 
with induced expression of AIM family members in the human 
kcratiuocyte cell line HaCaT. 

Silvers AL, Bowden GT . 

Department of Radiation Oncology, Arizona Cancer Center, The University of Arizona, 
Tucson 85724, USA. 

. To determine whether the transcription factor activator protein- 1 ( AP- 1 ) could be 
modulated by ultraviolet A (UVA) exposure, we examined AP-1 DNA-binding activity 
and transactivation after exposure to UVA in the human immortalized kerattnocyte cell . 
line HaCaT. Maximal AP-! transactivation was observed with 250 kJ/m2 UVA between 
3 and 4 h after irradiation; DNA binding of AP-1 to the target 12-0- 
tetradecanoylphorbol- 13 -acetate response element sequence was maximally induced 1-3 
h after irradiation. Both de novo transcription and translation contributed to the UVA- 
induced AP-I DNA binding. c-Fos was implicated as a primary component of the AP-1 
DNA-binding complex. Other components of the complex included Fra-2, c-Jun, JunB 
and JunD. UVA irradiation induced protein expression of c-Fos, c-Jun, Fra-1 and Fra-2. 
Phosphorylated forms of these induced proteins were determined at specific time points. 
A strong correlation existed between UVA-induced AP-1 activity and accumulation of c- 
Fos, c-Jun and Fra-1 proteins. UVA irradiation also induced c-fos and c-jun mRNA 
expression and transcriptional activation of the c-fos gene promoter. These results 
demonstrate that UVA irradiation activates AP-l and that c-fos induction may play a 
critical role in the response of these human keratinocytes to UVA irradiation. 
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Rat kidney glutamyl aminopeptidase (aminopeptidase A): molecular 
identity and cellular localization. 

Song L , Ye M Troyanovskava M. Wilk E , Wilk S , Hcaly DP . 

Department of Pharmacology, Mount Sinai School of Medicine, City University of New 
York, New York 10029. 

Glutamyl aminopeptidase [aminopeptidase A (EAP), EC 3.4. 1-1 ,7] is an ectoenzyme that 
selectively hydrolyzes acidic amino acid residues from the amino terminus of 
oligopeptides, EAP activity is highest within the kidney and small intestine. The murine 
pre-B cell BP-1/6C3 and the human kidney glycoprotein gpl60 differentiation antigens 
have been reported to have biochemical properties indistinguishable from EAP. ft is not 
known, however, if rat kidney EAP is a homologue of these antigens or molecularly 
distinct Using the reverse transcription-polymerase chain reaction method with 
oligonucleotide primers based on the BP-1/6C3 nucleotide sequence, we isolated a 450- 
bp partial cDNA from rat kidney poly(A)+ RNA. The partial cDNA encoded a predicted 
protein that was 92% and 86% identical to the murine BP-1/6C3 and human gpl60 
antigens, respectively; the amino acid sequence within the zinc-binding domain was 
completely conserved. Purification of EAP from rat kidney and microsequence analysis 
of a tryptic digest peptide fragment ( 1 8-mer) indicated that the fragment was highly 
similar to a region within the BP-1/6C3 and gpl60 proteins. Northern blot hybridization 
and immunoblot analyses were also consistent with labeling of products the same size as 
reported for the BP-1/6C3 and gpl60 antigens. There was a good correlation between the 
cellular distribution of EAP mRNA and EAP immunoreactivity, with proximal tubules 
and glomerular mesangial cells having the highest densities. These results indicate that 
rat kidney EAP is a species homologue of the murine BP-1/6C3 and human gpl60 
antigens. Furthermore, on the basis of its cellular localization, rat kidney EAP is likely to 
be involved in degradation of oligopeptides within the glomerulus and the glomerular 
filtrate. Since cells that express EAP also express receptors for angiotensin II, an 
intrarenal vasoactive hormone that is a substrate for EAP, these results further suggest 
that EAP may play a role in modulating the activity of intrarenal angiotensin IL 
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Tumor necrosis factor-alpha uprcgulates (he prostaglandin E2 EP1 
receptor subtype and the cyclooxygcnasc-2 isoform in cultured amnion 
WISH cells. 

Spaziaai EP , Denoit RR , Tsibris JC , Gould SF , O'Brien WF . 

University of South Florida Health Science Center, Department of Obstetrics Sc 
Gynecology, Tampa 33612, USA. espazian@cornl.med.usf edu 

Recent studies have demonstrated a strong correlation between infection and preterm 
labor. Preterm delivery is also associated with high levels of cytokines and prostaglandins 
in amniotic fluid. The purpose of this study was to investigate the effect of tumor necrosis 
factor-alpha (TNF-aipha) on the levels of cyciooxygenase, prostaglandin E2 production 
(PGE2), and expression of the PGE2 receptor subtype EP1 in amnion WISH cell culture. 
Amnion WISH cell cultures were incubated in increasing concentrations of TNF-alpha 
(0-50 ng/ml). Changes in cyciooxygenase and EPl receptor proteins were evaluated by 
Western blot analysis. Changes in EPl mRNA were evaluated by Northern blot, and 
culture fluid concentrations of PGE2 were estimated by enzyme immunoassay (ElA). 
.EPl protein (p<0.01), EPl mRNA (p<0.05), cyctooxygenase-2 (COX-2) protein 
(pO.OO 1 ), and PGE2 concentrations (p<0.0 1 ) all increased with increasing 
concentrations of TNF-alpha. Changes in COX-1 protein were not observed following 
TNF-alpha-incubation. The results suggest that TNF-alpha may play a role in infection- 
induced preterm labor by its pleiotropic ability to simultaneously stimulate COX-2 
activity, PGE2 concentrations, and PGE2 EPl receptor levels in human amnion. 
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Transcriptional activity of potent glucocorticoids: relevance of 
glucocorticoid receptor isoforms and drug metabolites. 

Spika L Hammer S. Kleuser B. Korting HC . Schafer-Korting M . 

Institut fur Pharmazie, Abteilung for Pharmakologie und Toxikologie, Freie Universitat 
Berlin, Berlin, Germany. 

As compared to standard glucocorticoids (GC), prednicarbate (PC) is favorable in the 
treatment of eczema due to its high benefit/risk ratio. The remarkable anti-inflammatory 
effects of PC are in strong contrast to its reported low glucocorticoid receptor (GR) 
binding affinity. In transfected COS-7 cells we related the transcriptional potencies of 
PQ its metabolites and conventional GC to their receptor binding properties. Moreover, 
the expression pattern of the human GR isoform hGRalpha and its mutual dominant 
negative inhibitor hGRbeta in skin cells have been investigated as well as the influence of 
hGRbeta on receptor binding and transactivation. hGRalpha mRNA and protein was 
largely overexpressed in skin cells. hGRbeta showed no influence on hGRalpha binding 
and transactivation. Concentration response curves indicated the greater transactivation 
potency of betamethasone 17- valerate followed by dexamethasone and prednisolone 17- 
ethylcarbonate. Native PC appeared almost as potent as dexamethasone. With both a 
strong correlation was observed between transactivation and GR binding. Copyright 2003 
S, Karger AG, Basel 
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Specific inhibition of AQP1 water channels in isolated rat intrahepatic bile 
duct units by small interfering RNAs. 

Splinter PL , Masyuk AI , LaRasso NF . 

Center for Basic Research in Digestive Diseases, Division of Gastroenterology and 
Hematology, Mayo Medical School, Clinic, and Foundation, Rochester, Minnesota 55905 
USA. 

Cholangiocytes express water channels (i.e. aquaporins (AQPs)), proteins that are 
increasingly recognized as important in water transport by biliary epithelia. However, 
direct functional studies demonstrating AQP-mediated water transport in cholangiocytes 
are limited, in part because of the lack of specific AQP inhibitors. To address tins issue, 
we designed, synthesized, and utilized small interfering RNAs (siRNAs) selective for 
AQP1 and investigated their effectiveness in altering AQP I -mediated water transport in 
intrahepatic bile duct units (IBDIJs) isolated from rat liver. Twenty-four hours after 
transfection of IBDUs with siRNAs targeting two different regions of the AQP 1 
transcript, both AQP1 mRNA and protein expression were inhibited by 76.6-92.0 and 
57.9-79.4%, respectively. siRNAs containing the same percent of base pairs as the 
AQP 1 -si RNAs but in random sequence (i.e. scrambled siRNAs) had no effect. 
Suppression of AQP 1 expression in cholangiocytes resulted in a decrease in water 
transport by IBDUs in response to both an inward osmotic gradient (200 mosm) or a 
secretory agonist (forskolin), the osmotic water permeability coefficient (P(f)) decreasing 
up to 58.8% and net water secretion (J(v)) decreasing up to 87%. A strong correlation 
between AQP1 protein expression and water transport in IBDUs transfected with AQP1- 
siRNAs was consistent with the decrease in water transport by IBDUs resulting from 
AQP1 gene silencing by AQP 1 -siRNAs. This study is the first to demonstrate the 
feasibility of utilizing siRNAs to specifically reduce the expression of AQPs in epithelial 
cells and provides direct evidence of the contribution of AQP 1 to water transport by 
biliary epithelia. 
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Type IV collagcnase (M(r) 72,000) expression in human prostate: benign and 
malignant tissue. 

Stearns ME , Wan g M. 

Department of Pathology, Medical College of Pennsylvania, Philadelphia 19 129. 

The expression of type IV collagenase (M(r) 72,000) has been examined in tissues from patients 
with benign prostatic hyperplasia (6 patients) and varying Gleason grades of malignant prostate 
cancer ( 1 8 patients). Immunoperoxidase labeling indicated that expression of the type IV 
collagenase was weak or nonexistent in benign tissue but consistently strong in the glandular and 
ductal epithelial cells of prostate tumors diagnosed at Gleason grades 1-8. In moderate to 
advanced cancer (i.e., Gleason grades 2 to 8), invasive tumor foci in the stromal tissue produced 
relatively modest amounts of type IV collagenase. The normal stromal tissue (i.e., fibroblasts) 
uniformly failed to produce detectable levels of type IV collagenase in the 24 patients examined. 
Northern and quantitative slot blot hybridization assays demonstrated that collagenase type IV 
mRNA levels were low in benign tissue and high in malignant tumors. In contrast, the stromal 
cells did not express significant amounts of type IV collagenase mRNA. Enzyme-linked 
immunosorbent assays demonstrated that the amounts of type IV collagenase protein correlated 
directly with the mRNA levels in the tumor tissue. The studies suggest that type IV collagenase 
may be selectively overexpressed by malignant, preinvasive prostatic epithelial cells. 
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The decompensated detrusor III: impact of bladder outlet obstruction on 
sarcoplasmic endoplasmic reticulum protein and gene expression. 

Stein R ," Goag C. Hutcheson JC Canning DA , Zderic SA . 

Division of Urology, Children's Hospital of Philadelphia, Philadelphia, Pennsylvania, 
USA. 

PURPOSE: Regulation of calcium ion homeostasis has a significant role in smooth 
muscle contractility. The sarcoplasmic endoplasmic reticulum, calcium;, magnesium, 
adenosine triphosphatase (SERCA) is a regulatory ion pump that may have a role in the 
functional outcome after outlet obstruction^ We investigate what correlation if any existed 
between SERCA protein and gene expression, and the contractile properties in the same 
bladder. MATERIALS AND METHODS: Standardized partial bladder outlet 
obstructions were created in adult New Zealand white rabbits, which were divided into 
control, sham operated and obstructed groups. Muscle strip studies subcategorized the 
obstructed group into compensated (force greater than 50% of control) and 
decompensated (force less than 50% of control). Microsomal membrane and total RNA 
fractions were prepared from the same bladder tissue. Membrane proteins were used for 
. Western blot analysis using a SERCA specific monoclonal antibody, and total RNA was 
assessed with Northern blot analysis. RESULTS: The relative intensities of signals for 
the Western and Northern blots demonstrated a strong correlation between protein and 
gene expression. Furthermore there was a strong association between the loss of SERCA 
messenger RNA and protein expression and loss of bladder function. CONCLUSIONS: ' 
Bladder contractility after outlet obstruction is influenced in part by smooth muscle cell 
ability to maintain calcium homeostasis via SERCA. The loss of SERCA protein 
expression is mediated by down-regulation in gene expression in the same bladder. These 
data suggest that smooth muscle ion pump gene expression is in part mechanically 
(pressure work) regulated. 

* 
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TNF-alpha and IL-8 are upregulated in the epidermis of normal human 
skin after UVB exposure: correlation with neutrophil accumulation and E- 
selectiu expression. 

Strickland 1 , Rhodes LE , Flanagan BF. Friedmann PS . 

Department of Dermatology, University of Liverpool, United Kingdom. 

The in vivo response to ultraviolet B (UVB) radiation in skin is characterized by the 
accumulation of both mononuclear and polymorphonuclear cells within the dermis and an 
induction of vascular endothelial adhesion molecules. Epidermal production of cytokines 
(IL-8 and TNF-alpha) has been strongly implicated in the development of UVB-induced 
inflammation. In the current study, we examined the time course of IL-8 and TNF-alpha 
mRNA and protein expression in the epidermis over a 24-h period after in vivo UVB 
irradiation. Also, the induction of adhesion rhqlecule expression and the accumulation of 
neutrophils within the dermis were followed. We found constitutive expression of both 
cytokines (mRNA and protein) in the epidermis of unirradiated skin. IL-8 was rapidly 
•upregulated after irradiation and mRNA and protein increased at 4 h, reaching a 
maximum between 8 and 24 h. TNF-alpha mRNA and protein was mimmally increased 
by 8 h after UVB irradiation and reached a maximum by 24 h. No significant alteration in 
ICAM-1 or VCAM-l expression was observed. E-selectin expression, which was absent 
from control samples, was increased from 4 h onward. and also reached a maximum at 24 
h, coinciding with peak neutrophil accumulation. A strong correlation (r = 0.96) was 
found between number of E-selectin-positive vessels and numbers of infiltrating 
neutrophils at this time. Moreover, because E-selectin expression was increased before 
any apparent increase in TNF-alpha protein (4 h), TNF-alpha does not appear to be 
involved in the early induction of the adhesion molecule, but cytokines such as TNF- 
alpha and IL-8 may act subsequently to augment the inflammatory response. 
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Basic fibroblast growth factor expression is increased in human renal 
fibrogenesis and may mediate autocrine fibroblast proliferation. 

Stn)tz ZeisbergM, Hemmerleii) B. Sartler B. Hummel K . Becker V ; MuHer GA . 

Department of Nephrology and Rheumatology, Georg-August-University Gottingen, 
Germany, fstrutz@gwdg.de 

BACKGROUND: Interstitial fibroblasts play a critical role in renal fibrogenesis, and 
autocrine proliferation of these cells may account for continuous matrix synthesis. Basic 
fibroblast growth factor (FGF-2) is mitogenic for most cells and exerts intracrine, 
autocrine, and paracrine effects on epithelial and mesenchymal cells. The aims of the 
present studies were to localize and quantitate the expression of FGF-2 in normal and 
pathologic human kidneys and to study the in vitro effects of FGF-2 on proliferation, 
differentiation, and matrix production of isolated cortical kidney fibroblasts. METHODS: 
FGF-2 protein expression was localized by immunofluoresence double labelings in 
normal and fibrotic human kidneys. Subsequently, interstitial FGF-2 labeling was 
determined semiquantitative^ in 8 normal kidneys and 39 kidneys with variable degrees 
of interstitial fibrosis and was correlated with the morphomerrically determined 
interstitial cortical volume. In addition, FGF-2 expression was quantitated by immunoblot 
analysis in three normal and six fibrotic kidneys. FGF-2 mRNA was localized by in situ 
hybridizations. Seven primary cortical fibroblast lines were established, and expression of 
FGF-2 and FGF receptor-] (FGFR-1) were examined. The effects of FGF-2 on cell 
proliferation were determined by bromodeoxyuridine incorporation and cell counts, those 
on differentiation into myofibroblasts by staining for alpha-smooth muscle actin, and 
those on matrix synthesis by enzyme-linked immunosorbent assay for collagen type I and 
fibronectin. Finally, proliferative activity in vivo was evaluated by expression of MIB-1 
(Ki-67 antigen). RESULTS: In normal kidneys, FGF-2 expression was confined to 
glomerular, vascular, and a few tubular as well as interstitial fibroblast-like cells. The 
expression of FGF-2 protein was increased in human kidneys, with rubulointerstifial 
scarring correlating with the degree of interstitial fibrosis (r= 0.84, P < 0.01). 
Immunoblot analyses confirmed a significant increase in FGF-2 protein expression in 
kidneys with interstitial scarring. In situ hybridization studies demonstrated low-level 
detection of FGF-2 mRNA in normal kidneys. However, FGF-2 mRNA expression was 
robustly up-regulated in interstitial and tubular cells in end-stage kidneys, indicating that 
these cells are the source of excess FGF-2 protein. Primary cortical fibroblasts express 
FGF-2 and FGFR-1 in vitro. FGF-2 induced a robust growth response in these cells that 
could be blocked specifically by a neutralizing FGF-2 antibody. Interestingly, the 
addition of the neutralizing antibody alone did reduce basal proliferation up to 31.5%. Jn 
addition, FGF-2 induced expression of alpha-smooth muscle actin up to 1.6-fold, but no 
significant effect was observed on the synthesis of collagen type 1 and fibronectin. 
Finally, staining for MIB-1 revealed a good correlation of interstitial FGF-2 posilivity 



with interstitial and tubular proliferative activity (r = 0.71 , P < 0.01 for interstitial 
proliferation, N = 30). CONCLUSIONS: Interstitial FGF-2 protein and rnRNA 
expression correlate with interstitial scarring. FGF-2 is a strong mitogen for cortical 
kidney fibroblasts and may promote autocrine fibroblast growth. Expression of FGF-2 
correlates with interstitial and tubular proliferation in vivo. 
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Adiposity elevates plasma MCP-1 levels leading to the increased GDI lb- 
positive monocytes in mice. 

Takahashi K, Mizuarai S . Araki H , Masiiiko S , Ishiitara A. Kanatani A , Itadani H . 
Kotani H . 

Banyu Tsukuba Research Institute in collaboration with Merck Research Laboratories 
Tsukuba, Ibaraki 300-261 1, Japan. 

Obesity is currently considered as an epidemic in the western world, and it represents a 
major risk factor for life-threatening diseases such as heart attack, stroke, diabetes, and 
cancer. Taking advantage of DNA microarray technology, we tried to identify the' 
molecules explaining the relationship between obesity and vascular disorders, comparing 
mRNA expression of about 12,000 genes in white adipose tissue between normal, high 
fat diet-induced obesity (DIO) and d~Trp34 neuropeptide Y-induced obesity in mice. 
Expression of monocyte chemoattractant protein-1 (MCP-1) mRNA displayed a 7.2-fold 
increase in obese mice as compared with normal mice, leading to substantially elevated 
MCP-I protein levels in adipocytes. MCP-1 levels in plasma were also increased in DIO 
mice, and a strong correlation between plasma MCP-1 levels and body weight was 
identified. We also showed that elevated MCP-1 protein levels in plasma increased the 
CD 1 lb-positive monocyte/macrophage population in DIO mice. Furthermore, infusion of 
MCP-1 into lean mice increased the CD 1 lb-positive monocyte population without 
inducing changes in body weight. Given the importance of MCP-1 in activation of 
monocytes and subsequent atherosclerotic development, these results suggest a novel role 
of adiposity in the development of vascular disorders. 
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Augmented expression of neuronal nitric oxide synthase in the atria 
parasympatlietically decreases heart rate during acute myocardial 
infarction in rats. 

Taldmoro Y, Aoyama T . Taaaka IC Kcvamura R . Yut Y , Sasayama S . 

Department of Cardiovascular Medicine, Graduate School of Medicine, Kyoto 
University, Kyoto, Japan. 

BACKGROUND: Nitric oxide (NO) synthesized within sinoatrial cells recently has been 
shown to participate in the autonomic control of heart rate. We hypothesized that NO in 
the neuronal cells in the heart was increased and parasympatlietically regulated heart rate 
after myocardial infarction (Ml). METHODS AND RESULTS: We examined heart rate 
dynamics and neuronal NO synthase (nNOS) expression and activities in the atria of rats . 
with MI 1 , 3, 7, and 14 days after MI (n=7 to 22 for each group). Both the mRNA levels 
of nNOS in the atria determined by competitive reverse transcriptase-polymerase chain 
reaction and the protein levels determined by Western blotting were significantly 
increased compared with controls 1, 3, and 7 days after ML nNOS activity in the atria 1 
day after infarction was also increased in MI rats. nNOS immunoreactivity was observed . 
in nerve fibers in the atria. After infusion of a specific inhibitor of nNOS and iNOS, l-(2- 
triftuoromethylphenyl) imidazole (TRIM) (50 mg/kg IV), heart rate was significantly 
(P<0.01) increased in MI rats compared with controls.!, 3, and 7 days after ML The 
iNOS-specific inhibitor, 1400W (10 mg/kg SC), did not significantly affect the heart rate 
in rats with ML The effect of TRIM was abolished by.pretreatment with L-arginine (25 
mg/kg IV) or by parasympathetic blockade with atropine but not by propranolol. There 
was a strong correlation (r=0.837, P<0.0001) between the nNOS protein expression and 
heart rate change after TRIM infusion. CONCLUSIONS: These results indicate that 
increased nNOS parasympatlietically decreased heart rate via the production of NO in 
rats with acute ML 
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Differential upregulation of cellular adhesion molecules at the sites of 
oxidative stress in experimental acute pancreatitis. 

Tclek G, Ducroc R . Scoazcc JY . Pasquicr C Feldtnann G RozeC. 

. INSERM U 410, Universite Pads 7 Denis Diderot, 75870 Paris, France. 

BACKGROUND: Severe acute pancreatitis (AP)(2) is associated with exaggerated 
leukocyte adherence and activation. Endothelial cellular adhesion molecules (CAMs) can 
be induced by cytokines, but also directly by oxygen free radicals (OFRs), mediated by 
nuclear factor kappa-B (NF-kappa B). We investigated the behavior of inducible CAMs 
in relation to pancreatic oxidative stress. Our novel modification of cerium capture 
histochemistry (reaction of OFRs with cerium produces laser reflective Ce perhydroxide 
precipitates) combined with reflectance confocal laser scanning microscopy (CLSM) 
allows the histological codemonstratidn of in vivo OFR production and immunolabeled 
CAMs, or NF-kappa B. METHODS: Taurocholate AP was induced in rats; sham 
operated and normal animals served as controls. To achieve in situ, in vivo reaction of 
cerium with OFRs, animals were perfused with CeCI(3) solution at different time points 
(1, 2, 8, 24 h) and then sacrificed; E-selectin, P-selectin, ICAM-1, VCAM, and NF-kappa 
B p65 were labeled by immunofluorescence (IF) on frozen sections of cerium perfused 1 
pancreata. IF and Ce perhydroxide reflectance were simultaneously detected by CLSM. 
Pancreatic gene expression of the same CAMs was quantified by competitive RT-PCR 
(MIMIC internal control). RESULTS: Control pancreata showed negligible reflectance 
and minimal CAM expression. Early (1, 2 h) AP samples were characterized by intense, 
heterogeneous acinar OFR production, strong P-selectin, and increasing [CAM 
expression, with nuclear translocation of p65, histologically all colocalizing with the 
areas of acinar oxidative stress. Adherent polymorphonuclear leukocytes (PMNs) 
displayed weak OFR formation. Later (8, 24 h), a slowly declining P-selectin, but 
persisting ICAM-1 expression, was paralleled by widespread adherence of PMNs 
producing surprisingly large amounts of OFRs. VCAM and E-selectin showed a mild 
increase at 24 h. CAM gene activation was in good correlation with the protein 
expression. CONCLUSIONS: The early acinar oxidative stress is colocalized with NF- 
kappa B activation, preferential P-seiectin, and ICAM upregulation in this AP model. 
Subsequently, adherent, activated PMNs become the major source of OFRs, thereby 
contributing to tissue damage. Copyright 2001 Academic Press. 
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Myotonic dystrophy: an unstable CTG repeat in a protein kinase gene. 
Timchenko L , Monckton PG. Caskey CT . 

Department of Molecular and Human Genetics, Baylor College of Medicine, Texas 
Medical Center, Houston 77030, USA. 

Myotonic dystrophy (DM) is caused by the amplification of CTG repeats in the 3' 
untranslated region of a gene encoding a protein homologous to serine/threonine protein 
kinases. Li DM patients the CTG repeats are extremely unstable, varying in length from 
patient to patient and generally increasing in length in successive generations. There is a 
strong correlation between the size of the repeats and the age of onset and severity of the 
disease. The molecular basis of the effect of the CTG expansion on the development of 
the DM phenotype continues to be investigated. The first working hypothesis of the 
molecular mechanism of DM was a reduction in steady-state myotonin-protein kinase 
(Mt-PK) mRNA and protein levels. However, although the consensus finding is that the 
Mt PK. mRNA and protein levels are decreased in DM patients, it is still not clear if this 
reduction leads directly to the DM phenotype. In this short review we discuss the 
molecular aspects of CTG instability and the expression of the myotonin-protein kinase 
gene in normal and DM populations. 
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Induction of class 3 aldehyde dehydrogenase in the mouse hepatoma cell 
line Hepa-1 by various chemicals. 

Tprroncn R, Korkaiamen tVT , KarerUampi SO 
Department of Physiology, University of Kuopio, Finland. 

The mouse hepatoma cell line Hepa- 1 was shown to express an aldehyde dehydrogenase 
(ALDH) isozyme which was inducible by TCDD and carcinogenic polycyclic aromatic 
hydrocarbons. The induced activity could be detected with benzaldehyde as substrate and 
NADP as cofactor (B/NADP ALDH). As compared with rat liver and hepatoma cell 
ines, the response was moderate (maximally 5-fold). There was an apparent correlation 
between this specific form of ALDH and aryl hydrocarbon hydroxylase (AHH) in the 
Hepa-1 wild-type cell line-in terms of inducibility by several chemicals. However the 
magnitude of the response was clearly smaller for ALDH than for AHH. Southern blot 
analysis showed that a homologous gene (class 3 ALDH) was present in the rat and 
mouse genome. The gene was also expressed in Hepa-1. and there was a good correlation 
between the increase of class 3 ALDH-specific mRNA and B/NADP ALDH enzyme 
activity aaer exposure of the Hepa-1 cells to TCDD. It is concluded that class 3 ALDH is 
inducible by certain chemicals in the mouse hepatoma cell line, although the respective 
enzyme is not inducible in mouse jiver in vivo. 
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Relationship between cyclin Dl and p21(Wafl/Cipl) during differentiation 
of human myeloid leukemia cell lines. 

Ullmannovfl V . Stockhaucr P , Hradcova M Soucek J , Haskovec C . 

Department of Molecular Genetics, Institute of Hematology and Blood Transfusion, U 
Nemocnice I, 128 20 Prague 2, Czech Republic, ullman@ulikt.cz 

Expression of cell cycle-regulating genes was studied in human myeloid leukemia cell 
lines ML-1, ML-2 and ML-3 during induction of differentiation in vitro. 
Myelomonocytic differentiation was induced by phorbol ester (12-o-Tetradecanoyl- 
phorbol- 1 3-acetate, TP A), tumor necrosis factor alpha (TNFalpha) or interferon gamma 
(INFgamma), or their combination. Differentiation (with the exception of TNFalpha 
alone) was accompanied by inhibition of DN A synthesis and cell cycle arrest. Inhibition 
of proliferation was associated with a decrease in the expression of cdc25A and cdc25B, 
cdk6 and Ki-67 genes, and with increased p21(Wafl/Cipl) gene expression, as measured 
by comparative RT-PCR. Expression of the following genes was not changed after 
induction of differentiation: cyclin Al, cyclin D3, cyclin El and p27(Kipl). Surprisingly, 
cyclin Dl expression was upregulated after induction by TPA, TNFalpha with 
IFNgamma or BA. Cyclin D2 was upregulated only after induction by BA. The results of 
the expression of the tested genes obtained by comparative RT-PCR were confirmed by 
quantitative real-time (RQ) RT-PCR and Western blotting. Quantitative RT-PCR showed 
as much as a 288-fold increase of cyclin Dl specific mRNA after a 24h induction by 
TPA. The upregulation of cyclin Dl in differentiating cells seems to be compensated by 
the upregulation of p2 l(Wafl/Cipl).These results, besides others, point to a strong 
correlation between the expression of cyclin Dl and p21(Wafl/Cipl) on the one hand 
and differentiation on the other hand in human myeloid leukemic cells and reflect a rather 
complicated network regulating proliferation and differentiation of leukemic cells. 
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Intestinal carbamoyl phosphate synthase I in human and rat Expression 
during development shows species differences and mosaic expression in 
duodenum of both species. 

Vnn Beers EH, Rings EH, Posthuma G . Dingemanse MA . Taminiau JA . Heymatis 
HS, Emerhand AW , Bullcr HA . Dckker J . 

P edialric Gastroenterology and Nutrition, Department Pediatrics, Emma Children's 
Hospital, Academic Medical Center, Amsterdam, The Netherlands. 

The clinical importance of carbamoyl phosphate synthase I (CPSI) relates to its capacity 
to metabolize ammonia, because CPSI deficiencies cause lethal serum ammonia levels: 
Although some metabolic parameters concerning liver and intestinal CPSI have been 
reported, the extent to which enterocytes contribute to ammonia conversion remains 
unclear without a detailed description of its developmental and spatial expression 
patterns. Therefore, we determined the patterns of enterocytic CPSI mRNA and protein 
expression in human and rat intestine during embryonic and postnatal development, using 
in situ hybridization and immunohistochemistry. CPSI protein appeared during human 
embryogenesis.in liver at 31-35 e. d. (embryonic days) before intestine(59 e.d), whereas 
in rat CPS! detection in intestine (at 16 e.d.) preceded liver (20 e.d.). During all stages of 
development there was a good correlation between the expression of CPSI protein and 
mRNA in the intestinal epithelium. Strikingly, duodenal enterocytes in both species 
exhibited mosaic CPS! protein expression despite uniform CPSI mRNA expression in the 
epithelium and the presence of functional mitochondria in all epithelial cells. Unlike rat, 
CPSI in human embryos was expressed in liver before intestine. Although CPSr was 
primarily regulated at the transcriptional level, CPSI protein appeared mosaic in the 
duodenum of both species, possibly due to post-transcriptional regulation. 

PMED: 9446830 [PubMed - indexed for MEDLINE] 
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Expression of deoxycytidine kinase in leukaemic cells compared with solid 
tumour cell lines, liver metastases and normal liver. 

van der Wilt CL, Kroep JR, Loves WJ, RotsMG, Van Groenmgen C.T T Kaspers GJ, 
Peters GJ . 

Department of Medical Oncology, VU University Medical Center, Amsterdam, The 
Netherlands. 

Deoxycytidine kinase (dCK) is required for the phosphorylation of several 
deoxyribonucleoside analogues that are widely employed as chemotherapeutic agents. 
Examples include cytosine arabinoside (Ara-C) and 2-chlorodeoxy adenosine (CdA) in 
the treatment of acute myeloid leukaemia (AML) and gemcitabine to treat solid tumours. 
In this study, expression of dCK mRNA was measured by a competitive template reverse 
transcriptase polymerase chain reaction (CT RT-PCR) in seven cell lines of different 
histological origin, 16 childhood and adult AML samples, 10 human liver samples and 1 1 
human liver metastases of colorectal cancer origin. The enzyme activity and protein 
expression levels of dCK in the cell lines were closely related to the mRNA expression 
levels (r=0.75, P=0.026 and r=0.86, P=0.007). In AML samples, dCK mRNA expression 
ranged from 1.16 to 35.25 (xl0(-3)xdCK/beta-actin). In the cell line panel, the range was 
2.97-56.9 (x 1 0(-3)xdCK/beta-actin) of dCK mRNA expression. The enzyme activity in 
liver metastases was correlated to dCK mRNA expression (r=0.497, P=0.05). In the liver 
samples, these were not correlated. dCK mRNA expression showed only a 36-fold range 
in hver while a 1 50- fold range was observed in the liver metastases. In addition, dCK 
activity and mean mRNA levels were 2.5-fold higher in the metastases than in the Hver 
samples. Since dCK is associated, with the sensitivity to deoxynucleoside analogues and 
because of the good correlation between the different dCK measurements in malignant 
cells and rumours, the CT-RT PCR assay will be useful in the selection of patients that 
can be treated with deoxycytidine analogues. 

PMJD: 1 2628850 [PubMed - indexed for MEDLINE] 



461: Pediatr Nephrol. .1993 Aug;7(4):471-8 



Related Articles, Unks 



Expression of cytokines and growth factors in human 
glomerulonephritides, 

Waldherr R, Noronha IL . Niemir Z . Kruger C Stein H , Stumm G 
Department of Pathology, University of Heidelberg, Germany. 

Numerous experimental studies point to the potential role of cytokines and growth factors 
in the pathogenesis of renal disease. However, from the various autocrine and paracrine 
mediators identified in vitro and in animal models, so far only a few have been 
demonstrated in selected human glomerulopathies. We examined two types of 
glomerulonephritis (GN): extracapillary GN with anti-neutrophil cytoplasmic . 
autoantibodies (ANCA), an example of an acute form of GN, and mesangial IgA GN, 
usually a chronic form of GN, with immunocytochemistry, in situ hybridization and the 
polymerase chain reaction. Normal renal tissue from tumour nephrectomies served as a 
control. In ANCA-positive GN with active renal lesions (crescents, glomerular and 
vascular necrosis), infiltrating mononuclear cells in glomeruli and in the interstitium 
expressed interleukin (IL)-1 beta, tumour necrosis factor (TNF)-alpha, IL-2, interferon 
(IFN)-gamma, platelet-derived growth factor (PDGF) and transforming growth factor 
(TGF)-beta. Cytokine expression was also observed in activated resident cells, including 
endothelial cells, capsular epithelial cells, smooth muscle cells of vessel walls! fibroblasts 
and some tubular epithelial cells. In addition, we noted an increase in the cytokine and 
growth factor receptors TNF-R, IL-1R type II, IL-2R, IFN-gamrria R and PDGF beta-R^ 
In contrast, in mesangial IgA-GN, IL-1 beta, TNF-alpha, IFN-gamma and IL-2 were 
usually absent in glomeruli. Mesangial expansion in this disorder was accompanied by an 
increased expression of PDGF, PDGF beta-R, TGF-beta and IL-6 in mesangial areas. In 
both conditions a good correlation was observed between cytokine expression- at the 
mRNA (in situ hybridization) and protein level (immunocytochemistry).( ABSTRACT 
TRUNCATED AT 250 WORDS) 

Publication Types: 

• Review 

• Review, Tutorial 
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Malignant trausformatiou of the human endometrium is associated with 
overexpression of lactoferrin messenger RNA and protein. 

Walmer DK, Padin CJ, Wrona MA Heaiy BE. Bentley RC Tsao MS . Kolder MF 
McLachlaa JA Gray KD ' 

Department of Obstetrics and Gynecology, Duke University Medical Center, Durham 
North Carolina 277 10. 

In the mouse uterus, lactoferrin is a major estrogen-inducibie uterine secretory protein, 
and its expression correlates directly with the period of peak epithelial cell proliferation. 
In this study, we examine the expression of lactoferrin mRNA and protein in human 
endometrium, endometrial hyperplasias, and adenocarcinomas using 
immunohistochemistry, Western inimunoblotring, and Northern and in situ RNA 
hybridization techniques. Our results reveal that lactoferrin is expressed in normal 
cycling endometrium by a restricted number of glandular epithelial cells located deep in 
the zona basalis. Two thirds (8 of 12) of the endometrial adenocarcinomas examined 
overexpress lactoferrin. This tumor-associated increase in lactoferrin expression includes 
an elevation in the mRNA and protein of individual cells and an increase in the number 
of cells expressing the protein. In comparison, only 1 of the 10 endometrial hyperplasia 
specimens examined demonstrates an increase in lactoferrin. We also observe distinct 
cytoplasmic and nuclear immunostaining patterns under different fixation conditions in 
both normal and malignant epithelial cells, similar to those previously reported in the 
mouse reproductive tract: Serial sections of malignant specimens show a good correlation 
between the localization of lactoferrin mRNA and protein in individual epithelial cells by 
in situ RNA hybridization and immunohistochemistry. Although the degree of lactoferrin 
expression in the adenocarcinomas did not correlate with die tumor stage, grade, or depth 
of invasion in these 12 patients, there was a striking inverse correlation between the 
presence of progesterone receptors and lactoferrin in all 8 lactoferrin-positive 
adenocarcinomas. In summary, lactoferrin is expressed in a region of normal 
endometrium known as the zona basalis which is not shed. with menstruation and is 
frequently overexpressed by progesterone receptor-negative cells in endometrial 
adenocarcinomas. 
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Malignant Transformation of the Human Endometrium Is Associated with 
Overexpression of Lactoferrin Messenger RNA and Protein 

David JL Warmer,' Cheryl J. Pndiu, Mark A. Wrona, Bridget E. Healy, Rex C Beotley, Ming-Sound Tsao, 
Mattbrvr F. Kohler, John A. McLachJan, and Karen D, Gray 
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ABSTRACT 

In the mouse uterus, lactoferrin is a major estrogen- inducible uterine 
secretory protein, and its expression correlates directly with tbe period of 
peak epithelial ceB proliferation. In this study, we examme the expression 
' of lactoferrin mRNA" and protein in human endometrium, endometrial 
hyperplasias, and adenocarcinomas using immunobktochtrnistry, West- 
ern SmronnoblDtling, and Norihem and in situ RNA hybridisation tech- 
niqnes. Our results reveal that lactoferrin is expressed in normal cycling 
endometrium by a restricted number of glandular epithelial cells located 
deep in the zona basatis. Two thirds (8 of 12) of the endometrial adeno- 
carcinomas examined over express lactoferrin. This tumor-associated in- 
crease in lactoferrin expression includes an elevation in the mRNA and 
.protein of individual cells and an increase In the number of cells express- 
ing the protein. In comparison, only 1 of the 10 endometrial hyperplasia 
specimens examined demonstrates an increase in lactoferrin. We also 
observe distinct cytoplasmic and nuclear immunostalning patterns under 
different fixation conditions in both norma) and malignant epithelial cells, 
similar to those previously reported in the mouse reproductive tract 
Serial sections of malignant specimens show s good correlation between 
the localization of lactoferrin mRNA and protein in individual epithelial 
cells by in situ RNA hybridization find immunohi^iocbemisiry. Although 
the degjee of lectoferrin expression in the adenocarcinomas . did not 
correlate with the tumor stage, grade, or depth or invasion in these 12 
patients, ibere » as b striking inverse correlation bel^rer* the presence of 
progesterone receptors and lactoferrin in all 8 lartoferrin-posilive odeno- 
carcinomas. In summary, lacioferrin is expressed in a region of normal 
endometrium known as the zona basab's which b not shed with menstru- 
ation and is frequently over expressed by progesterone receptor- negative 
cells in endometrial adenocarcinomas. 



INTRODUCTION 

The uterus is a sex steroid-responsive organ thai plays a majoi role 
in women's health. Hysterectomies were the most fiequcntly per- 
formed major surgical procedures in a 20-year study interval 
(1965-3984; Rei. 1). Fifty-eight to 80% of ihese lZ5 million 
procedures were perfoimed foi e si rogen- related disorders of prolifer- 
ation. Chronic unopposed estrogen c:rposure, roost commonly asso- 
ciated with rype 11 ovulatory disorders, eventually leads to the devel- 
opment of complex endometrial hyperplasia and adenocarcinoma. 
Since the sex steroids, estrogen and progesterone, aci on their target 
tissues by regulating the expression of a wide variety of Signaling 
inolecules. identifying these regulatory factors will provide critical 
informaiion towards understanding normal reproduction aDd repro- 
ductive tract pathology. Our ctinent knowledge of estrogen and pro- 
gesterone action on the. reproductive tract is based to a great extent on 
information collected from lodents (2). Although differences ejisl 
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between the reproductive physiology of rodents and humans, the 
mouse has been a useful mode] fox studying steroid hormoDC action in 
the human female reproductive, tract (3, 4)l One potential regulatory 
molecule shown to be regulated by estrogen in the mouse reproductive 
tract is lacro/errin. Lacjoferrin is a basic glycoprotein with an extrao/. 
dinarily high affinity for iron that was originally discovered in mflfc 
This protein is expressed in a wide variety of tissues, most notably in 
polymorphonuclear leukocytes and most mammalian exocrine glan- 
dular secretions. In the mammary gland (5) and tbe female reproduc- 
tive Dad of the mouse (6-8), la^oferrin is regulated by endooine 
hormones. Prolactin stimulates lactofenin synthesis in the breast; 
whereas in the uterus and vagina, the ovarian scot steroid, 170- 
estradiol, is the inducer. (6, 7, 9). To date, lactoferrin is one of the few 
genes that have been identified in the rodent that are directly regulated 
by estradiol. The lactoferrin gene contains as ERE 2 that is important 
for. regulating its expression in vivo in the mouse reproductive tract 
Being linked to estradiol, the expression of lactoferrin by the uterine 
epithelium parallels the onset of DNA synthesis. Although sequencing 
information suggests that (he human lactoferrin gene also contains a 
fuDCtiona] imperfect £RE in the 5 '-flanking promoter region (10, IX), 
there is very little data regarding laciofemn expiessioD in the human 
female reproductive tract; 

The purpose of our study was to examine the expression of lacto- 
ferrin in the human endometrium under normal and pathological 
conditions by immuDohistocbemistry, immunoblotting, and Northern 
and in situ KNA hybridization techniques. In addition, we looked for 
correlations between lactoferrin expression and several parameters, 
such as the stage of the menstrual cycle, the distribution of estrogen 
and progesterone jeceptors, >IER-2/nei/ expression, markeis of cell 
proliferation, aDd the hisiopathologicaj grade and extent of myomc- 
trial invasion in the adeDOcarcmomas. Our data demonstrates that 
lactoferrin is expressed in a very restricted number of glands in the 
basal region of normal human endometrium and is markedly overe*- 
pressed in a significant number of the uterine adenocarcinomas by 
PR- negative cells. 



MATERIALS AND METHODS 

Tissue Preparation Dnd Histological Evaluation. Sujgical pathology 
specimens wcie obtained bom DuJte University Medical Ceotcj (Duihani, l^Q 
and ihc DcpaitmcDt of PatboJogy z\ MooUcal GeDeial Hospital (Ouebtc. 
Mostjeal, Cicada). Cycling endometrium w ai obtained horo 27 women (ag^* 
31— -19). and atrophic rudojDttnum was obtained horn 7 postmenopausal 
women (agc-s 64-77). Hysttitciomies hoiD cycling women wcjc pcrlom»cd 
foj sobsejosal leiomyomas (n ~ 6). pelvic jcla^aiioo (n = 8), pelvic pain 
(» = 4), pciirontal endometriosis (;» - 2), aDd cancer of tithei the oocervi* 
in = 1) or iht ovary (n = ]). In iddiiion, 12 adc-nocaicincmflS, 3 * typical 
complex' byptipJasias, 5 complex hyperplasias ^'ithout atypia, and 4 simple 
hyperplasia were 2nary2ed. Esch human uterus was bivajvrd sborUy afio 
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hysterectomy, and endometrium was removed from the fimdal region. A full 
lbic)a>css biopsy was placed into cither 10% neutral- buffered formalin or 
jjouin's solution overnight at jooxd temperature before dehydration, paraffin 
embedding, and sectioning at 4 jun on $ilani2ed slides. Histological evalua- 
tions of hematoxylin and eosin-stained slides were performed blindly by one 
board-certified pathologist. Normal endometrial samples were dated by the 
criteria of Noyes er cL (32). Endometrial hyperplasias and carcinomas were 
classified according to the current recommendations, of the International 
Society of Gynecological Pathologists under the auspices of WHO (13). 
Histological grading of tumors was performed according to Federation Inter- 
nationale des Gynecologistes et Obstclnstes criteria (14). Each specimen was 
fcad a minimum of three times, and only specimens that were read consistently 
the same way were included in the study. Unstained sections of the same 
tissues were used foi the cytochemical analysis of piotein and mRNA expres- 
sion using specific reagents. A few endometrial samples were frozen fox 
subsequent protein and RNA extraction, which were evaluated by Western and 
Northern blotting, respectively. All human tissues were bandied with the 
precautions and the guidelines required by Duke University and National 
Institute of Environmental Health Sciences, 

ImmunoJocnHiab'on. Slides chosen for study were deparaffimzed and 
rinsed in 20% glacial acetic add at 4'Cfor 15 s to inhibit endogenous alkaline 
phosphatase. All subsequent incubations and washes were at room tempera- 
ture. Sections were next equilibrated in PBS for 20 ohd and incubated foj 20 
nun with 1-5% normal goat serum diluted in PBS to block nonspecific binding. 
Detection of lactoftrrin was performed primarily with a labbit anti-human 
lactoferrin polyclonal antisera geneiaied in oui laboiatory and affinity purified. 
Similar results weie also seen with a nonaffinity-puiified commeicial anbsera 
(Broscnex, Ssn Ramon, Ca). Following incubation at room temperature with 
primary antisera for 60 min, the sections were washed in PBS twice foi 30 min 
each, and lactoferrin was localized using an alkaline phosphatasc-biotrn- 
sueplavidin detection system (Vectastain ABC-AP kit: Vector Laboratories, 
DujJingame, CA; or the Super Sensitive Detection System: Biogenex, San 
Ramon, CA). To identify nonspecific staining, preinnnune rabbit serum was 
used in place of tbe primary antibody. The immunoreaction was quantitated by 
determining ibe percentage of glands and the percentage of cells siaining for 
• laciofertTD in the 2ona basatis and the 2ona funcrionalis, with a minimum of 
300 ceils counted in each region. PR antibody was provided by Geoffrey 
GrceDc (KD66), and a commercial source was also used (Biogenex, San 
Ramon, CA). Identical staining patterns were confirmed with both prepara- 
tions. Other commercially obtained aniisera include PCNA (Biogenex, San 
Ramon, CA), ER (ER1D5; AMAC, Westbrook, Ma), M1B-3 (AMAQ, and 
HER-Z'n^u (Biogenex, San Ramon, CA). The primary anbsera incubations 
were 2 b for the PR* 1 b for PCNA. M1B-1. and ER, and 30 min for 
lIER-2/new. An user a dilutions were );100 Jot M1B-3 and 1:20 lor HEK-2/new. 
Antigen retrieval (Biogenex, San Ramon, CA) was performed before adding 
the progestcjone primary aniisera. 

Western Blot Analysis. Proteins were exuaoed bom endometrial biopsies 
by bomogeniution on ice in }% Triiiro-X and 20 m.M Tris-HO (pll 7-4) with 
pioiease inhibitors (10 ng/ml leuptptin. 200 KU/rol aptotinin, and 20 jxg/ml 
phenylmeihylsulfonyl Duoride) and clarified by cenrrifugation at 45,000 rpm 
for 30 min in a BccKman 70.1 Ti rotor: then the supernatant was analyzed foi 
protein concentration by the BCA protein assay (Pierce, RotWord, IL). Ali- 
quois of 200 fig were separated by clectjophorcsis on an 8-5% SDS polyac- 
rylamide gel, blotted onto niuoceDulose membianes, incubated with poly- 
clonal rabbit antihuman tecio/errin » miser a, and localized with an " ! l-bbeled 
donJcej anti-rabbit immunoglobulin, s; described previously (7). 

in Situ llybridiution. All slides were pretrcBted with 02 N HO lot 30 
min 21 room icmpe>Brurt, di^csied wiih J fie/ml pioieinasc-K (Sigma Chem- 
ical Co... St. Louis. MO) in 0. 1 M Tris-HG fpK 7.4V 0.05 m EDTA for J 5 mir. 
si 37" C, and then treated witb 0.1 m uictbanolanuue-0-2:% aceiic snhydiidc 
for 5 min ai. room temperature and 0.1 M Tris-glvcine (pH 7.4) for 30 min at 
room temperature. Tbe sections wejc subicqvendy dehydrated with graded 
nh?nol, aii dried, and prebybridized ai 50*C for J h in ? > SSC. )0 mM DTT, 
- >' Dcnhajdi'i solution, 100 ^p/m) of boib salmon ipcjro DMA and yeast 
'Kl^A, and 509i> Iprmamidc (15). The slides were (ben hYbrio>2ed overnight at 
XTC in ibe Si me medium wiib 30% dtjlian sulrait imd 2X10" cpm/>ii oi tbe 
-prrific RNA proN:. The lactoftrrin ohgo-nucitotide probe was '^uplifted by 
ir;p primers thai 5p:.nn:d nnclr elides 718-1654 (10) and cloned into 
pOl-M-42. "S-bU led sense ind aniisensr RNA piobe; ^fie made wiih rbe 
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Promega Ribopiobe tit (Promega, Madison, Wi), washed twice in 1 X SSC for 
10 min at room temperature, digested with RNase [2.8 pg/ml RNase-A, 03 
^g/ml RNasc-T3, 10 mM Tris-HO (pH 7.4^ and 15 mM NnOJ, and washed 
again with 1 X SSC twice for 20 min each time at 50*C, tw>ct for 20 «> 
OJ X SSC at 55 W C and once for 20 hub. at 60*C Tbe sections were then 
dehydrated and dipped- b Kodat autmadic^rapbic emulsion (NTB-2) for 
dejection of specific mRNA expression. The slides w«t allowed to develop for 
2 weeks. After this period, the slides were developed using Kodak X>19 
developer and Kodak Rapid Fixer. 

Northern RNA Anarjsifc Total ceJJelu RNA was purified from froieo 
tissue by the guanidine isotbiocy^Date-cesJum chloride mtthod, and poly(A*}* 
RNA was isolated by olu^dTVcellulosfc cbjomatography using methods 
described previously (15). For Northern blot analysis. poly(A + >.RNA *was 
icsorved by electrophoresis on 1 5% formaldehyde agarose gels, stained witb 
ethidinm bromide, and tjansferred to a nylon membrane. The membrane was 
probed with a ^P-labeled lactoferrin cDNA derived ftom btrroan uterus (»u- 
cJ eo tides 718-1654; accession do. S52659) using PCR techniques* followed 
by cloning into pGEKMZ (Promega, Madison, WI). to order to insure that the 
quatiry and quantity oi RNA analyzed by Northern blotting was equivalent 
between control and ueated groups, the blot was probed simultaneously for 
. gJyc«»)debyde-3-pbosph»!e dehydrogenase. 
. Statistical Analysis. Values are presented as means ± SD. Differences 
between the zona basalis and functionalis were tested by tbe two-»Ded 
Student's / test. • 

RESULTS 

Immunohistocbemical Analysis of Lactoferrin Protein 

Normal Cycling Endometrium. IrDJiiVDObistocheinical studies of 
norma) cycling human endometrium localize lactoferrin protein pre- 
dominancy lo tbe glandular epithelium deep in the zona basalis and 
not to the functionalis (Fig. L4).Tne association of lactoferrin protein 
expression with the zona basalis is statistically significant. (P < 0.001; 
Fig. 2). Two to 56% of the glands express lactoferrin at any given rime 
during the menstrual cycle. Within positive ©lands, lactoferrin protein 
immunolocalization is heterogeneous in thai positively staining epi- 
thelial cells are inteispcrscd with cells negative for lactoferrin expres- 
sion. No appaicDl differences in morpbology, PCNA, ER, or PR 
expression arc seen to account for the heterogeneous pattern of intrar 
and inteigland lactoferrin expression in normal endometrium- Similar 
to our previous findings in mouse uterine epithelial cells, tbe positive- 
staining glandular cells of the human endometrium demonsuate two 
distinct immunostaining patterns for lactoferrin, cytoplasmic and nu- 
clear (Fig. IB\ seen with both formalin and BomVs fixation. )n 
evaluating the temporal expression of lactoferrin, tbeje is a trend 
towards more glands expressing lactoferrin ohiring the secretory 
phase. Because of the large variance, tbe trend is not statistically 
significant. As expected, the polymoiphonuclear leukocytes in the 
endometrium also stain intensely for lactoferrin protein, which is 
stored in their secondary granules (Fig. 3). These results demonstrate, 
for tbe fiisi lime, that lactoferrin piotein is expressed in the human 
endomtuium predominately by polymorphonuclear leukocytes and 
epithelial cells of glands located deep in tbe 20na basalis. 

Prolif era live Endometrial Disorders: Hyperplasias and Adeno- 
carcinomas. Imniunohisiochemisiry teveaJs that the expression, of 
larjrJrrri,-} rijPJrJn'ic jnora««J in 66.6% »'8 nf oJ Jhf. endometrial 
Ddeuocaicinomas examined. In one- half of these cases (4 of 32), 
laciofenin is intensely expressed by malignanl epithelial cells 
throughout the entire tumors (Fig. 4). The othct four adenocarcinomas 
demonsuate increased jiainine lor laclofeirin in concentrated regions 
of the iurno;s. In all eijrbi cases where laciofenin expression is 
elevated, the cells e xpr ess in e laciolcirin have one similarity voiti 
normal positive sjands in that they demonstrate hete lo^eneows siain- 
ing of imerspersed positive and negaiivc cells. )low C vei, the expres- 
sion of bctoknin bv 0k malignant cells cl::a;ly differs fioni normal 
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Fi^. ). Localization of )»e*ofemn proittn in normal cycling endomtijium by inuno- 
* noWstocbcmisDj ruing » specific polyclonal indbody. Ottr analysis revest* th»i bciof- 
tniD protein is piucnt'tn • limited number of glands locaicd in iht zona b>5»)ij of the 
endometrium MJt x J°~ Also, note that betofemo b bcterpgejieooi wiibin positive 
g lands, i./., aJls sieioinij for Jjtlofcnin wc intaiperscd with negative -jiaimng (pilot tie! 
cells throughout the *l»nd. Two immunohiftochemicaj staining p»rtx.n>j i/c noted for 
lactoferrin in normal merino tpiihclhim. In one pattern, Jjcioftrrin protein is imn>unoJo- 
calizcd primarily over l)»c cytopl«n> (£J), and to the other, tbt sfeinmg is seen over the 
nudtni ffl?); x 40. 

positive gjands in ihat the lactoferrin is not limited to the basa) icgions 
of the tumors, many more ccBs arc positive, and the relative intensity 
of the staiomg ovei individuals cells is ioaeased. Although inoeased 
lactoferrin expression is associated with malignant transformation, we 
do not find a conelatioD between laciofenin proleib presence and tbe 
stage, nuclear, giade, Federation Internationale des Gynecologistes et 
Obsictristes gtade, or tbe depth of my ome trial invasion in tbe 12 
tumors studied (Table J). In sharp contrast to the common deregu- 
lation of lactoferrin expression found in the malignant endometrium, 
only 1 ol 10 endometrial hyperplasia specimens evaluated contained 
an ina cased number of cells staining foi lacioferrin. The hyperplastic 
specimen overexpressing Jacloferrin was lead as complex without 
atypia. 

In Stiu and Northwn Analyses of Lactoferrin mRNA 
Expression in Normal and Malignant Endometrium 

To further out understanding vt ihz location cf lactoJerrm proiein 
synthesis in the human endometrium, we examined laciofcnin mRNA 
expiession by in situ and Nonbem hybridization using specific 33 S- 
labeled pjobes lot human lactoferrin. No delectable RNA hybridiza- 
tion is observed in (fie normal endometrium by in situ hybridization, 
even in the pje5cncc ol iromunodeiectable piotein, usin? equivalent 
hybvid(2vnion condition!- and development times as used for the ade- 
nocaicinomas. Consistent with the iciulis obtained by in iiiu bybrid- 
i2 a I ion. long ejposuie tiine^ weie. te qui red to demonstrate laciofcnin 
mRNA in not mat endometrium by Noithcm blot iiMng polv(A*)- 
mRNA. Thij indicates that larioft rrin rnRNA is pie sent in normal 



tissue but in very low levels, consistent with tbe very limited pattern 
of protein expiession in normal endometrium. Equivalent RNA load- 
ing and quality for each specimea was demonstrated by etbidrunj 
bromide staining of the RNA gels (data not shown) and by probing for 
the housekeeping gene gIyceraWcbyde-3-phosphate dehydrogenase 
that does not fluctuate significantly with the metabolic state of the 
tissue. A representative Northern blot is shewn in Fig. 5. In situ 
hybridization with several adenocarcinomas reveals that there is a 
direct correlation between the localization of lactoferrin mRNA and 
the iinmunostaining of expressed Jactofenin protein (Fig. 4). Lactof- 
errin mRNA is not associated with polymorphonuclear leukocytes by 
in siiu hybridization in either normal or malignant tissue. 

Western Blot Analysis 

To confirm the specificity of tbe anrisera that we used foi irnmn- 
nonisiocnerorstry, we perrbrmeo* Western blot ana/ysrs on proteins 
extracted from both norma) and malignant endometrium which were 
separated by 8.5% SDS-polyacryJ amide ge) electrophoresis (Fig, 6).. 
Immunobloning identified a single broad protein band with a molec- 
ular weight between 70,000- 80,000 in both normal and neoplastic 
endometrial tissue homogenates, consistent with tbe reported molec- 
ular weight of human lactoferrin. Supporting the imrouno<^ochem> . 
cal analysis, a representative irnmunoblot clearly demonstrates that 
tbe proportion of protein that is laciofcnin is markedly increased in 
ibe adenocarcinomas in comparison to the normal endometrium. The 
molecular weight of laaofemiD in the adenocarcinomas appears to 
have" a slightly higher molecular weight thai the predominant form in 
normal tissue. 

BBH Bosalis HHH Functionnlis 




Piollfetalive Late Secretory 



Fig. 2. PcicenOtc o/ rndomtirial c'amb oprt^iing lMncJcni» pioicin by imoiu n£ >" 
hiiiothtmijlry. SifnilksnUy moie j lindi sic po^iti^e in tbt itgion ol rbe Jt>i>a bnulu 
ihan in tht 3 on* iunrtionilis of ibt endofnciirum \P < 0.001). 2xnis bssalii, B; zon» 
lur>nio*»I>}, 155 Allhot-pb (tine is > tic»d (owairts rnwt ot U>f baisJb plands tjcpiiv.^J 
lacirftnin in ib< it at Kay p^la^( (iift»r O t Ptnp?re<J whh tht hh ibis nC * 
iuiisiirvll v .sipnitkanl. 
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Fij. 3. Polvroorphonuclci; Jtufcocytci (orr<7>»\j) art scattered througboui the endomt.- 
triwro nnd M&in intense foi lacioferrin. Laclojt/rin is > Xncwt component of tttc 
secondary granules in poryrooiphonucktr leukocyte}. The prist nee of a jcgjoocpied 
nucleus and l*cioferno piotcrn n to excellent method fo> identity inf ibis group of 
inflBmm»roTj eclb^ A, x 20. B f X BO. 



Correlation of Lactoferrin Expression with the Expression of 
PCNA, Ki-67, JIER-2/nru, ER, and PR 



In an attempt io characterise the phenorype of endometrial cells 
which express lactoferrin, wc performed irorounohistc<:henjistiy on 
serial sea ions for the Ki-67 antigen, PCNA, HER-2/neu, lactoferrin, 
ER, and PR. In normal tissue, Ki-67 and PCNA expression are cell 
cycle- specific markers of eel I proliferation (16, 17). Upon analysis of 
norma] cycling endometrium, do relationship between Jactoferrin pro- 
icin expiession and ER, PR, or Ki-67 expression was observed. 
Similarly, in most of The adenocarcinomas evaluated, no relationship lacioferrin mRNA is more tightly legulatecT in normal tissue than in 
*as noied between lactoferrin and PCNA pjoiein expression. How- lire adenocaicinomas- Because of the low levels of message in normal 



is expressed concomitantly with epithelial cell proliferation. In con- 
trast to lactofeirin's 'ubiquitous expression in the estrogenized mouse 
uterine e pi I helium, Jactoferrin protein is limited to glandular epithelial 
cells in the basal regions of normal human endometrium and usually 
to glands thai were directly adjacent to the royomctriirm (Le., the 
deepest glands of the zona ba sails). This regional localization of 
lactoferrin . expression is not surprising in that other biochemical 
. parameters have been reported to show site specificity in primate 
endometrium. These parameters include the proliferative index and 
the expression of the secretory component of IgA (18). Similar to our 
observations in the endometrium, JaUoferrin is also expressed region- 
ally in the mammary gland. In bovine breast tissue, lactoferrin is 
localized primarily to the basal alveolar cells (39); whereas in human 
breast tissue, the ductal epithelium appears to be the primary source of 
sect e led lacioferrin during lactation (20). 

Examining the endometrium on different days of the menstrua) 
cycle demonstrates a trend towards increased lactoferrin expression 
during the luteal phase. Although this data rs not statistically signif- 
icant, the cyclic variation may be biologically jelevant Kim ct cL (23) 
jecenUy reported that the basal endometrial epithelial cells are unique 
because they proliferate during the postovulatory luteal phase. Inter- 
estingly, in the mouse uterus, there is a diicct correlation between 
lactoferrin expression and epithelial cell proliferation (6). Therefore, 
lactoferrin may have a similar role in the human and mouse endome- 
trium. If Jactoferrin expression is- cyclic, the ERE in the S'-flanldng 
promoter region of the human lactoferrin gene may be activated 
during the luteal phase (30, 23). 

Another similarity between human and mouse uterine Jactoferrin 
expiession is the observation of two immonobistochemical staining 
patterns- In one pattern, the antisera binds primarily over the cyto- 
plasm, and in the other, the nucleus is the primary site of localization. 
Although this could repiesent a fixation artifact, we have now ob- 
served this pattern in two species and under different fixation condi- 
tions. It has been demonstrated that signaling peptides, i.e.. plateJel- 
derived gTOWib factor (22), lnt-2 (23), and probasin (24), can fee 
selectively directed into the nucleus, cytoplasm, oi secreted. It is 
believed that this differential processing may allow proteins io have 
intracrine, autocrine, and paracrine roles, depending on the physio- 
logical state of the cell. The two localization patterns observed suggest 
thai lactoferrin might have signaling sequences that direct the final 
destination of the mature peptide. 

In normal endometrium, lactoferrin mRNA is present but in very 
low levels. Prolonged exposure times are needed lo visualize the 
mRNA band with Northern analysis. Although with in situ hybrid-, 
izarion the lactoferrin mRNA signal is easily seen in adenocarcino- 
mas, wc failed lo localize the lactoferrin mRNA in normal endome- 
trium using an equivalent exposure time. These low levels of mRNA 
in normal endometrium suggest that the synthesis and degradation of 



*vej. in one adenocarcinoma (Fig. 7), there was a cjeai inverse 
itJaiionship.secn between Jactoferrin and PCNA localization, which 
w as present throughout the cnlije tumor. Most dramatic, however, was 
'striking inverse con elation seen between lactoferrin and PR expres- 
sion in 8 of 8 PR -positive wterine adenocaicinomas (rig- 7). Two 
tumors negative for PR aJso did not express lactoferrin. AJihougb an 
inverse condition was also suggested with HER-2/nrw and PR, (he 
itrvetse correction was more precise with Jaciofrrrin in these tumors. 

DISCUSSION 

In the mouse uterus, lacioferrin is an csn open- induced uterine 
memory pioiein thai is present throughout the epithelium (7V and it 



tissue, we are imaMe at this time to definitively conclude that lacto- 
fenin mRNA is synibesi2ed by the same epithelial cells which express 
the protein. 

In endometrial adenocarcinomas, malignant transformation of the 
endometrium is associated wiih the up-regulaiion ol lactoJenin 
mRNA and protein biosynthesis. The up-regulation at the RNA level 
is demonstrated by an increase in steady-state RNA levels using both 
in jiru hybridization and Northern analysis techniques. In these can- 
cers, we also observe an increase in the number of lactoferrin-posirive 
cells, which express both the protein and mRNA. In this study. 8 of 
the 12 adenocarcinomas evaluated ovcrexpress lacioferrin, compaied 
with only ] of 10 hyperplastic specimens. The form of Jactoferrin, 
•protein e x traded from endometrial adcnocai cinemas appears to have 
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Fig. 4. Colotalixaijon of Uctoftmo protein (Itfi pcnth) *wf 
mRNA {right pontb) in » normal proliferative endomctm)i» and 
endometrial »dcDOCaroDomi5 by performing iroiDutx^htocbuab- 
try »nd vt siut RfM hybridization on serial sections. Dual analysis 
of protein *nd mRNA expression reveals ih»l glands io normal 
cwtemttnum do not hive detectable mRNA, is mcaswtd by m jiw 
hybridization (top pontic X 40%, whereas analysis of ihc adeno- 
carcinomas clteity dexDOJistraies a dweci contlaiion between pro- 
tein bnd KKA expression lor Jftetoftrrin (fniddtt and fcof/om pontls. 
X JO). Note tbsi betoterrin protein and mRNA Js disiribuied in t 
hcierofccnctms pattern in the epiiheUaJ cells of (be ade ooca> ciDOmas. 
As ts shows in Bg. 1, > heterogeneous staining pattern lor bctof- 
crrin protein is llSQ seen trtqueetly io normal endometrium. 
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a slightly higher molecular weight than the prolcin present in norma] 
tissue. This could be due to alterations . in the processing of ihe 
lactofeirin mRNA, protein, or gly cosy Jat ion by ibe malignant cells. 
Alternatively,, there could be roinoi differences between 1 act of err-in 
piotein which is present in neutrophils and the form synthesized by 
uterine epithelial cells. We suggest two hypotheses to explain lactof- 
errin over expression in endometrial adenocarcinomas. Ih the first 
hypothesis, lactoferrrn biosynthesis is deregulated by the same pro- 
cesses that lead to ibe malignant transformation of endometrium. H 
Ibis hypothesis, is true then laciof err in may be a usefnl majker for 
endometrial adenocarcinoma investigation, and hmber research is 
needed to dtlerroine whether Jacioferrin pJays a contributing role ir> 
the malignant transformation. A second hypothesis is thai lanoferrin- 
positive bur Dan endometrial adenocarcinomas evolve from the clonal 
expansion of cells lesiding in the regen era live zone (zona basaJis) of 
normal endometrium. It is interesting to speculate that laciof errin 
expression in endometrial cancer may be linked lo estrogen action in 



some way, since proliferative disorders of human endometrium are 
linked to chronic estrogen exposure over several years and sequencing 
data suggests that the promote! for the human lactofemn gene does 
contain an ERE- 

Although the function of lactofeirin is unknown, a variety of 
biological roles have been proposed for lactof errin which could link 
this protein to a role id cancer, including the regulation of DNA 
synthesis (25-29), modulation of the immune response (25, 30, 33)> 
and iron transport (32). Some forms of fact of en in are jeported lo have 
RNase activity (33, 34). Secreted RNases are involved in develop- 
ment, reproductive function, neoplasia, angiogenesis, and jjoxoune 
suppression. (35, 36) If angiogeDCsis and immunosuppression are 
components of Jacioferrin RNase activity, these properties could pro- 
mote tumor growth. 

In the endometrial adenocaicinomas, we observed a heterogeneous 
expression partem for lactofenin, PCNA, Her-2/net/, ER, and PR. 
With regard to prognosis, patient survival is reportedly worse when 



Tabic 1 Correlation of lactoferrin and P ft typteaian b: hivntvt rnJomclriof ndencM-orti»o*noj 

An inveise condition ind kites thai laciof errin ami piorcstcront » t_»c not c? pi used in* Die same rrcions of the ttij»oi by i^muoohisioc hem teal rnalym. was deiecJtd wiih the 
anliscia KD68. »nd Iwrlofcrrin wis drieatd by a specific polyclonal arnbcja. 











F)CO° 


Lymph 


Myomnria) 


Laciolcmo 


Inverse correlation 


Typt of canter 


.Age 


St?ge 


TTirrapy 


(jrade 


nodes 


invasion lo 


tspftssed 


wlih PR 


EndomeDioid 


37 


1 


None 


I 


rv»2 


0 


No 


No 


Endometrioid 


61 


1 


Esuogtn 


. 1-3 


ND 


6» 


Yo 


Yts 


Endometrioid 


67 


1 




2-5 


ND 


60 


Yt5 


Yts 


Endomeiiroic, squamous di/lcrcntuUon 


3P 


1: 


None 




KD 


0 


Yes 


Yes 


Endometrioid 


69 


}b 




) 


no 


29 


No 


No 


Endometrioid 


57 


Jb 




J 


ND 


36 


T«rS 


Yes 


Endometrioid 


17 


lb 


None 


7-? 


0/15 






Yes 


EndomenSoid.. 


67 


U 


Ejimgcn 


1 


ND 


50 


Yes 


Yes 


Endometrioid. squamou> ditteimtistHin 


67 


7.2 


Ntjoc 


-» 


ND 


£0 


No 


No 


Endomtnjpid 


7S 


2j 


None 


2 


0/37 


5 


Yci 


Yes 


Endometrioid. 'ciuamous dLflc»r million 


6J 




t-ivnc 


3 


J/?7 


50 


No 


No 


hmtcnxiricnd 


8< 


<b 


Nonr 


2-3 ' 


NO 


>~ 


Yes 


Yes 


*" F1GO. f eder«bort In rem? lions l» du> Gynecclof rsics n 




KD, inn dom. 













LaCTOFEJUUN nYSREGULATlON IN ENDOMETRIAL CANCER 



1 2 



3 4 



Fig. 5. Northern analysis of Jactofmio mKNA Mpjrssion cojj/irroj lh»l endometrial 
adtnociicicorois (Lone) 5 and V) sifnificaniry owexplW Iht 2-5-kilobast transcript cf 
biunaa lactofema in comparison to normal endtrrnctriwn (Lcno J and 7> The Honhcm 
hybridisation data supports ibt *» Jtn» RNA results and confinns that l&ctofcixin UNA 
expression is dysrc£olmd in uterine adtnocaicinomis. Norma) uterine tissues appear lo 
contain, low steady-stale RNA levels of lactoferrin. ic 0c cling a c©ntrof)ed pattern of 
protein cypreisioD. Equivalent KHA loading and quality for each specirneji was demon- 
strated by elhidium bromide slaining o/ the RNA gels (data not shown) and by probing /or 
a housekeeping gent {^JyceraJdehyde-^-phospnaie dehydrogenase) thfll does noi fluctuate; 
iigDifionily witb the metabolic state of the tissue. 



endometrial adenocarcinomas lose sex steroid receptors (37, 38), have 
a higher proliferative index (39), and demonstrate DNA aneuploidy. 
During the tumor progression of endometrial adenocarcinomas, it 
appears that the loss of steroid hormone receptors occurs earlier than 
either the increase in proliferation rate or the development of DNA 
aneuploidy (40> Id our study, we note a striking inverse correlation 
between the expression of lactoferrra and PR in the endometrial 
adenocarcinomas. An inverse relationship also has been described for 
HER-2//j£i/ and PR in endometrial adenocarcinomas that correlates 
wjth patient prognosis. Furthermore, in cancers of the human endo- 
metrium, ovary and breast Ber-2//wu expression has been associated 
with advanced disease and poor survival (41-43). HER-2/neu is an 
oncogene that shares sequence homology with the epidermal growth 
factor receptor and is speculated to contribute. to aberrant growth. Of 
note is that lactoferrin biosynthesis in the mouse uterus is associated 
with the expression of the epidermal growth factor, like HER-2At«i> 
the epidermal growth factor leceptoi is also frequently over expressed 
io PR- negative cells of endometrial adenocarcinomas (44). The am- 
plification of giowth factor receptor expression in PR-negative endo- 
metrial adenocarcinomas may be associated with the acquisition of 
giowth auionomy and hormone independence, which may contribute 
to the poorer prognosis of PR-negative endometrial carcinomas (45). 
Some endometrial adenocarcinomas, including recurrent tumors, can 
be treated successfully with progesterone, therapy (46, 47). Although 
the significance of the inverse xelaiionsbip between lactoferrin and PR 
expression is not known, we speculate that the PR-negative cells do 
not undergo ibe normal growth inhibition and secretory differentiation 
normally associated with progesterone action. 

A survey of human tissues reveals that lactoferrin is expressed by 
most norow) mammalian exocrine glands and may be a prognostic 
marker in tumors (20). Lactoferrin is found in normal ductule breast 
epithelium and in primary breast carcinomas. In breast tumors, there 
is an inverse correlation between iactofeirin and ERs (20). Notably, 
lacioferrin expression in breast cancer may fall into the same category 
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Fig. 6. Western bloi analysis using an antiserum 
specific for human lacioferrin was performed on 
proteins citractro horn norrnal'and malignsni en- 
dometrium and separated by SDS- poly aery lamidc 
f et clccirophortsis, A broad prottin band with a 
molecular vxijihl between 70,000 and 80,000 is 
detected in both normal and proplasiic cndomtirisl 
tissue homof cnatei, conitiltnt with the reported 
moitcuUi weight ol human lacioferrin {A\ Tbe 
idosi significant observation from tbe immunoblot- 
tinj studies is that lac lo Jerri a protein is matfcedJy 
elcv^ird in ibe ace nocar cinemas, >n comparison lo 
normal endometrium, which jnppotts ibt injimiDo- 
cjlotheniciJ analyst* tJiftl dr rooDSiralrs i jieatrr 
number of cells positive lot laciolenin pioirin in 
the uterine tumors. B. the relative unount of protein 
loaded in ath lane by Coomassit blue staining. 
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Fig. 7. Condition oJ lactof twin protein exprts- 
sstm with tbe PCNA, a marker of proIHeralioa, and 
PR ss roeastutrf by immunohhiothrjDis&j per- 
formed on serial sections; X 2JX In most cases, w> 
relationship between lactoJcmn and PCNA ttjaa- 
sioq is loimd in eitha normal Cfl malignant endo- 
iBclmnn (d*Ja pel shown). Howcvea, m 1 of 12 
adenocarcinomas, an inverse correbban is seta 
between laeiofenin (A) *nd PCNA (3) lo»lir> 
tion. This striking piitm w»$ conwsuw throngV 
oui the. cniirc tumon suggest" ihe possfriliry d 
csll cycle wgubtion of Ucioftnin expression in 
this idtnocaicboroi. Tbe boaom panrb eilubil *» 
invent cone)»tioD between bctoftxrin (C) and PR 
cxpi ession which was seen in all tight endo- 
roctriai adenocarcinomas which c* passed PR. 
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as the oihcj makers Sot ER-Dtgaiive tumors, such as amplification of 
EGF receptor, HER-2/neu, and transforming growth factoi a expres- 
sion, which aic associated with poor prognosis. Id gastric carcinomas, 
laclofcrrin expitssion is associated with transformation of specific 
cell types iocruding mtestmal-rype carcinomas, adenomas, and incom- 
plete mieslinaJ metaplasias (28). Although this is complete specula- 
tion at this time, perhaps laciofenin over expression in tbe various 
malignancies may complement ibc aclioDS oi the growth factor path- 
way molecules and contribute to the autonomous growth of these 
himotS. 

In conclusion, our studies reveal thai lactofenin is. associated 
with a unique population of epithelial cells in ibe zona basalis and 
thai laciofcrrin ovocxpression may be associated with malignant 
tiaDsforroaiion of the human endometrium- Further studies are 
needed to elucidate tbe role of lactofenin in normal and patbolqg- 
jcal endometrial physiology. 
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Cell proliferation in human soft tissue tumors correlates with platelet- 
derived growth factor B chain expression: an immunohistochemical and in 
situ hybridization study. 

Wang J, Coltrera MP , Gown AM . 

Department of Pathology, University of Washington, Seattle 98 195. 

^c?° r f t6Sted thC h yP othesis 41131 the B chain of the platelet-derived growth factor 
(PDGF), a known connective tissue mitogen and growth factor, could be expressed by 
human soft tissue tumors, and that its expression could play a role in the control of cell 
proliferation in these tumors. Using a set of 56 soft tissue tumors, including benign 
tumors and all three grades of sarcomas, PDGF-B chain protein was localized using 
urununohistochemistry and PDGF-B mRNA was localized using in situ hybridization 
The hypothesis that PJJGF-B expression was related to cell proliferation was tested by 
simultaneously demonstrating the expression of the proliferating cell nuclear antigen in 
sequential tissue sections of the same tumors. Sixty and 82% of tumors had demonstrable 
riJGF-B mRNA and protein, respectively, with a strong correlation between their 

P^ eS b ° f eXprCSSi0n ff = 0 0 ° OI) ' Among the sarcom ^, a strong correlation between 
i>r££~ S express,on ^ » n «easing malignant tumor grade (P = 0.006), and between 
PDGF-B expression and increasing proliferating cell nuclear antigen index (P = 0.01) 
was found. All tumors were also demonstrated to express the beta receptor of PDGF via 
unmunohistochemistry These studies suggest that PDGF-B expression may be an 
important mediator of cell proliferation control, via an autocrine mechanism in human 
soft tissue tumors and may correlate with clinical outcome in the sarcomas. 

PM1D: 790391 1 [PubMed - indexed for MEDLINE] 
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catenins in paired tumor and non-neoplastic 
primary prostate cultures and corresponding prostatectomy specimens. 

g^LL MJ5> IgrbensonM, WaniLQ, Bisccgyajyi Sto^ 
PeFlavia P, Dhir R. Becich MJ . 

Department of Pathology, University of Pittsburgh Medical Center, PA, USA. 

Cadherins are a family of transmembrane proteins that play a crucial role in cell 
differenuation, cell migration, and intercellular adhesion. Cadherins are associated with 
catenins through their highly conserved cytoplasmic domain, Down-regulation of E- 
cadhenn protein has been shown in various human cancers. This study examined the 
expression of cadherins and associated catenins at the mRNA level. Paired tumor and 
nonneoplastic primary prostate cultures were obtained from surgical specimens 

JS5 , SJ^ ,t,P i e? fIuorescencereve « !e franscriptase-polyrnerase chain reaction 
l^MF RT-PCR) and quantitative analysis were performed and correlated with 
immunostain results. Six of seven cases of neoplastic cultures showed moderately-to- 
markedly decreased levels of E-cadherin and P-cadherin mRNA. Similar losses of alpha- 
catenm and beta-catenin mRNA were alsb observed. The results of QMF RT PCR ' 
showed good correlation with the results of immunohistochemical studies based on 
corresponding formalin-fixed sections, In conclusion, this paper presents a coordinated 
down-regulation in the expression of E-cadherin and associated catenins at the mRNA 
and protein level in most of the cases studied. This down-regulation may play an 
important role in the pathogenesis of prostate cancer. 

PMID: 1 1 1277.08 [PubMed - indexed for MEDLINEJ 
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Abstract Cadhenns are a family of transmembrane 
proteins that play a crucial role in cell differentiation 
cell migration, and intercellular adhesion. Cadherins are 
associated with catenins through their highly conserved 
cytoplasmic domain. Down-regulation of E-cadherin 
protein has been shown in various human cancers This 
study examined the expression of cadherins and associ- 
ated catenins at the mRNA level. Paired tumor and non- 
neoplastic primary prostate cultures were obtained from 
surgical specimens. Quantitative multiplex auorescence 

^ S A^ nSCnp,aSC po!yraerasc chain taction (QMF 
r-P t CR } an . d Quantitative analysis were performed and 
correlated with immunostain results. Six of seven cases 
of neoplastic cultures showed moderately-t ©-markedly 
decreased levels of E-cadherin and P-cadherin mRNA 
Similar Josses of a-catenin and 0-catenin mRNA were 
also observed. The results of QMF RT-PCR showed 
good correlation with the results of immunohistochem- 
icaJ studies based on corresponding formalin- fixed sec- 
lions. In conclus.on, this paper presents a coordinated 
down-regulation in ihe expression of E-cadherin and 
associated catenins at the mRNA and protein level in 
most of the cases studied. This down-regulation may 
play an important role in the pathogenesis of prostate 
cancer. . 
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Prostate cancer is the most common malignant tumor 
and the second leading, cause of cancer death in men. 
Ihe clinical course of patients with prostate cancer 
varies widely, and different factors contribute to this 
marked clinical variability, including genetic back- 
ground hormonal environment, and the invasive 
potential of the tumor. Invasion and metastasis arc the 
hallmarks of malignancy and have been closely linked to 
alterations in cell-to-cell adhesion, cell migration, and. 
interactions with extracellular matrix components [22L 
. Cadhenns are a family of transmembrane glycopro- 
teins responsible for maintaining the integrity of tissue 
and are involved in cell differentiation, cell migration 
and intercellular adhesion through a calcium-dependent' 
mechan.sm characterized by homotypic adhesion f35- 
J /J. Their highly conserved cytoplasmic domains asso- 
ciate with catenins, a group of intracellular proteins that 
mediate contact between Ihe cadherins and the micro- 
filaments of the cytoskeleton. Each cadherin subclass 
shows a unique tissue distribution: E-cadherin is pre- 
dominantly expressed in epithelial cells and P-cadherin is 
restricted to decidua tissue and the basal or lower layers 
of stratified epithelium [30]. 

The accumulating evidence suggests a decrease or loss 
of function in E-cadherin and P-cadherin in several 
human carcinomas [3, 9, 23, 32]. Loss of heterozygosity 
(LUH) at chromosome J6 in the location of ibe E-cad- 
herin gene is present in a high percentage of prostate 
cancers [6, 21,26, 28J. Decreased expression of E-cadherin 
is seen in various human malignant lumor cell lines, and 
the level of decrease correlates with the invasive potential 
of the lumor cell lines fl. 9, 12, 24, 40, 42]. In addition, 
many, but not all, immunohistochemical studies using 
lormahn-fixed, paraffin-embedded tissue have shown that 
ihe E-cadherm protein is decreased in proslale cancer and 
Hie decrease is correlated with lumor grade |4, 8, 13, 27, 
38). Other studies have shown decreased-to-absenr 
P-cadherin levels, but variable E-cadherin levels [33]. 
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a- and ^catenins bind the cytoplasmic domain of 
E-cadherin arid link it to Ihecytoskeleton [16, 31}. Down- 
regulation of expression and deletion of a-calenin genes 
were identified in several human cancer cell lines [19, 24, 
42]. lmmunohistochemical studies showed decreased 
ct<3tenin staining, which correlated well with the loss of 
E-cadherin staining and patient survival [25, 29, 39]. In 
addition, decreased 0-catenin protein expression appears 
to be associated with malignant transformation of epi- 
thelial tissue [34]. These results suggest that cadherins 
and catenins may function as tumor invasion-suppressor 
genes. However, most of these results were obtained in 
studies using transformed tumor cell lines and formalin- 
fixed, paraffin-embedded tissue. To our knowledge, 
no studies to date have examined the co-expression of 
cadherins and catenins at the mRNA level using material 
derived from surgical specimens. 

Recently, we have developed the methodology to 
cultivate primary epithelial cells under defined condi- 
tions from surgical prostatectomy specimens [20]. Areas 
of both carcinoma and noh-neoplastic tissue are identi- 
fied grossly, verified histologically, and then cultured 
separately, resulting in paired primary cultures of both 
non-neoplastic and neoplastic epithelium from the same 
patient. The non-neoplastic tissue cultures serve as an 
important control of any person-to-person variability in 
the expression of the genes of interest. 

In this study, we investigated the co-expression 
or cadherin and catenin mRNA. from multiple paired 
primary prostate cultures derived from surgical prosta- 
tectomy specimens using quantitative multiplex fluores- 
cence reverse transcriptase-polymerase chain reaction 
(QMF RT-PCR) [41, 44]. I mm un ©histochemistry stud- 
ies of cadherins and catenins were performed on the 
corresponding paraffin-embedded prostate tissue. 



Materials and methods 

Tissue specimen and primary prostate cultures 

We studied patients with adenocarcinoma of the prostate who 
underwent prostatectomy at the University of Pittsburgh Medical 
Center during the lime interval January !99&-January 1998. No 
patient had received treatment prior to surgery. Fresh prostatec- 
tomy specimens were sectioned and grossly examined, representa- 
tive samples of neoplastic and non-neoplastic i issue were collected, 
and the diagnoses were confirmed by examination of hematoxylin 
and cosin (H&E) -stained sections. Epithelial cells from tumor and 



non-neoplastic areas of the specimen wereBolaled and then cul- 
tured wilh a chemically denned medium (COM) without addition 
of growth factors as previously described. Tissue fragment* were 
cut into small pieces and underwent a series of collagenous diges- 
tions. Following each digestion, the cells were pelleted I by cenln- 
fugation at 1,000 rpm for 4 MIN (20). To selectively promote 
epithelial cell growth, the pellets were rcsuspended and maintained 
in serum-free CDM supplemented wilh epithelial growth factor 
(EGF) [201 The culture's morphology was examined daily, and 
epithelial cells were allowed to grow until confluence was reached, 
between days 7 and 10. 

Isolation of total RNA and synthesis of cDNA 

Total RNA was extracted from the cultured primary prostate 
epithelial cells at first passage according lo the Trizol solution 
(Gibco BRL, Rockvillc, MD) modified method of Chomczynski 
and Sacchi 17). The RNA was then quaotiUlcd speclrophotoroel- 
rically. Two micrograms of total RNA were used for first strand 
cDNA synthesis using oligo-dT primers and MMLV reverse tran- 
scriptase (Gibco BRL, Roekviile, MD). 

PCR primers and quantitative multiplex fluorescence PCR 

PCR primers for hepatocyte growth factor (HGF) and c-myc 
were synthesized as previously described |I7). PCR primers Tor 
E-cadherin, P-cadherin, a-calenin, ^catenin, and f-aciin cDNA 
were designed according to cDNA sequences provided by the 
GeneBank (WWW2.ncbUlnvgovVgenebank/query). The pnmers 
were selected to amplify 150-250 bp target genes and the PCR 
products from each target gene were designed to have a different 
size (Table 1). The reverse primers were synthesized with fluores- 
cein molecules covalenlly attached to the 5' end (BRL, RockvDk, 
MD). Twenty-five microliters of PCR reactions for QMF-PCR 
contained primers (20 pM each), cDNA corrcspondtng to 50 ng or 
total RNA, dNTPs, and reaction buffer. The reactions were am- 
plified for 21 cycles at 94 *C for I min, 57 "C for 2 min; and 72 C 
for 2 min. Five microliters of QMF-PCR reactions were mixed with 
an equal volume of sequencing gel loading buffer, denatured, and 
aliquot* were electrophoresed on an ABI 373A automated sequencer 
(Applied Biosystems, Foster City. CA) using a matrix specific for 
fluorescein (Fig. IA). • w 

Automated sequencer gels were run for 6 h at 30 W using 
Genescan software (ABI, Foster City, CA). Lane assignments and 
areas of the peaks corresponding to fluorescent peaks were ^'E** 
and quantitated by the Genescan software using PhotorouJtipher 
tube (PMT) voltages (Fig. IB). All experiments were done m 
triplicate and the results presented as means and standard devia- 
tions (SD). 

Antibodies and immunohistochemislry 

. Five-micron sections were obtained from rormalin-fixed, paraffin- 
embedded tissue blocks. They weie deparafnnized and hydra led 
with graduated clhanols. Slides were then imcrowaved in 



T»ble I Summary of PCR 
primer sequences and PCR 
products 



Primer Sequence 



I 

2 
3 
4 
5 
6 
7 
8 
9 
10 



Forward cccacactgtgcccatclacg 
Keversc gcllctcctlaaigtcacgc 
Forward caaagtgggcacagatggtgig 
Reverse clgcttggatlccagaaacgg 
Forward gcaagagccagctclgltiagc 
Reverse acUgagctgDtlcaglctctgg 
Forward galggacaactaigagccagg 
Reverse tataccaggcgggaagcalcg 
Forward nctggigccaciaccacagc 
Reverse igcatgcecicatctaaigtc 



Target gene 


Size 


/*-Actin 


170 


E-cadherin 


190 


P-cadherin 


220 


a-Catenin 


182 


/J-Catenin 


21B 



Size of PCR product (bp) 



310 



220 bp 



E-odbmn 

6- Actio 
\70lf, ' 



Fig, 1 A Genesran image of 

QMF RT-PCR of five paired 

non-neoplaslic and neoplastic 

primary prostate cultures. 

cDNA corresponding to 50 ng 

of total RNA was subjected to 

21 cycles of PCR, and all 

reactions were done in tripli- 
cate. RNA of both E-cadherin 

and P-cadherin showed modcr- 

ate-to-marked reduction in pri- 
mary neoplastic cultures in four 

or five cases (Cases I, 2, 4, and 

5). B Representative automated 

sequencer traces (ABJ 373 A) 

from 21 cycles of QMF 

RT-PCR using cDNA from a 
paired non-neoplastic (lop 
/>onr/) and neoplastic (bottom 
panel) primary prostate cultures 
(Case 2\ and copy number of K»-*eopbstic 
PCR products (a-actin, 
E-cadherin, and P-cadhcrin) 
was calculated using peak areas. 
Neoplastic culture showed 
markedly decreased expression 
of both E-cadherin and 
P-cadherin 




4 I 

fa c* a 



O t» M 



(1 t'J U 



.i .**■>/». 



bcta-Actin 

(I70bp) 



E-odherin 
( I90bp) 



P-cadhcrin 
(220bf>> 



VJ 



Dcophstic 



£11 bu,fc ' ( P H , 6 -°) [ "' -eirieyal The avidin-biotin 

complex method fo, .mmunohi S iochem B |^ w», utilized Z 
JSSL^* 0 " 10 ™? <»»*■•»* Calif., USA). The E^dhiri™ 

■ffl^^T '^-^^r^octionUoo.atories 

Evaluation of tmmunosiaining 

^^ D! T of r p ? si,ive . intensity of the staining, and cel- 
lular tocal.ai.on of the staining were examined by two independent 
observers usmg normal pros.a.e epi.hehum from the ^speci- 
men as an internal control. The intensity of the signal-was graded 
as strong, moderate, weak, and ne B a.ive. The staining pattern 0 f 
i^Si™ 1 '"* ^ th3 ' °' ^^-from the 



Results 



Expression of E-cadherin and P-cadhcrin 

Since many prosta le cancers are known lo be histolog- 
ically heterogeneous, adjacent H&E-stained sections 
ol the tissue fragments sent to culture were reviewed 



lo*ssess tissue hombgeneity and lo rule out the presence 
of other dtscases. The paired primary cultures Tor this 
?tudy were selected based on the following histologic 
features: (I) non neoplastic tissue showed no cancerous 

fmU° F h,gh '£ rade P r °stalic intraepithelial neoplasia 
(PIN); (2) neoplastic sections contained less than 5% 
non-cancerous epithelium. Seven out of 38 pairs of 
cultures met the selection criteria and were included in 
this study. Histologically, all seven cases were moder- 
ately differentiated adenocarcinomas, with Gieason 
scores ranging from 5 lo 7 (median = 6). In six of these 
cases, adjacent sections of tumor contained no benign 
prostate epithelium, and in one case (specimen 4), there 
was less than 5% non-cancerous epithelium. Prostate 
stromal cells express HGF„ whereas the epithelial cells 
express c-mel, the receptor for HGF [17, 20]. The cases 
included m this study showed no detectable HGF 
expression after 21 cycles of QMF RT-PCR (data not 
shown). This indicates there was no significant stromal 
cell contamination in the current epithelial cultures. 

QMF- PCR is an accurate method or measuring the 
relative levels of mRNA in small tissue samples [41]. In 
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this study, we used this method to quanlitate the mRNA 
levels of E-cadherin and P-cadberin, relative to p-actin. 
All the RNA samples contained no DNA contamina- 
tion, as shown by the absence of automated signals when 
RT was omitted from the RT-PCR reactions. We ob- 
served the expected linear increases in ^-actin, E-cadh- 
erin, and. P~cadherin signal intensities between cycle 
numbers 18 and 24, with a cDNA input corresponding 
to 50 ng of total RNA. The ratios of 0-actin to 
E-cadberin and P-cadherin were constant, as was the 
E-cadherin/P-cadherin ratio. These results indicated that 
the target genes were consistently amplified in the reac- 
tions. Twenty-one cycles of PCR were chosen for all 
subsequent experiments. In addition, the raw sequencer 
quantitation of peak areas for 0-actin using the same 
cDNA input was similar among the paired primary 
prostate cultures (data not shown). 

When compared with the paired non-neoplastic pri- 
mary cultures and normalized with the 0-actin internal 
controls, four of the neoplastic cultures showed marked 
(>85%) reduction of E-cadherin mRNA levels, with 
one case showing no detectable E-cadherin mRNA. The 
other three neoplastic cultures showed mild- to- moderate 
reductions (Table 2). 

Six of seven neoplastic cultures showed moderately 
to markedly decreased P-cadherin mRNA levels when 
compared with non-neoplastic cultures. Interestingly, 



the four cases showing marked reduction in levels of 
E-cadherin mRNA, and also demonstrated significant 
losses of P-cadherin mRNA. The case with no detectable 
E-cadherin mRNA also demonstrated near total loss 
of P-cadherin mRNA (Case 1). Another case (Case 3), 
with only rmld reduction in Rcadherro mRNA, showed 
no significant change in Prcadberin mRNA. Genetic 
variations among the patients were evident in the 
marked differences in the baseline levels of E-cadberin 
and P-cadherin expression seen in the rion-neoplaslic 
primary prostate cultures. 



Expression of a-catenin and /J-cateniri 

The highly conserved intracytoplasmic domain of 
the cadherins interacts with a- and /^catenins, with the 
catenins serving as a link between the cadherins and the 
microfilaments of the cytoskeletoh. Six cases of neo- 
plastic cultures showed mild-to-moderate reductions in 
a-catenin mRNA levels,, ranging from 26 to 62%. These 
cases also demonstrated more severe reductions of 
P-catenin mRNA levels and generally correlated with 
ihe changes of cadherins in the same specimen (Table 3). 
Interestingly, the case with no significant change of 
P-cadherin mRNA and only a mild loss of E-cadberin 
mRNA also showed no change in mRNA levels of both 



Table 2 E-cadhcrin and P-odhtrin expression in paired non-neoplastic and neoplastic primary prostate cultures derived from prosta- 
tectomy specimens ' — 



Case 



E-cadherin* 



Percentage 
loss in tumor 1 * 



P-cadherin" 



Percentage 
loss in turoor b 



.Non-neoplastic 



Tumor 



Non- neoplastic 



Tumor 



I 

2 
3 
4 
5 
6 
1 



71.0 
27.4 
18.0 
93.5 
41.5 
56.7 
53.8 



2.2 

6.4 

0.2 

12.0 

3.0 

1.1 

6.1 



ND C 

3.7 dt 
12.6 

5.4 
24.4 

8.1 
22.2 



0.3 
1.9 
0.9 
4.0 
1.0 
0.7 



100 
86 
30 
94 
41 
86 
59 



65.7 
53.4 
88.8 
87.8 
30.5 
71.8 
62.7 



2.0 
6.5 
6.5 
7.0 
1.4 
2.9 
3.5 



0.8 
17.8 
86.4 
25.5 
18.1 
17.1 
19.4 



0.1 
1.3 
9.5 
2S 
X4 
2J2 
23. 



99 
67 
3 
71 
41 
76 
69 



•Level of E-cadherin and P-cadherin are normalized with p^-actin from the same sample: (E-cadherin or P-cadherin)/aciin x 100 
b Percentage loss in tumor primary culture: \(N - T)/N) x 100% 
' ND, not detectable 

a -Ca.enin and 0-ca.enin expression in paired non- neoplastic and neoplastic primary prostate cultures derived from prosta- 
specimens . . 



Table 3 

lectomy specimens 



Case 



a-catenin* 



Percentage loss p-calenin" 



Non-neoplaslic Tumor 



in tumor 



Percentage 
loss in tumor 



Non-neoplaslic Tumor 



2 
3 
4 
5 
6 
7 



45.1 
49.2 
48.0 
61.1 
58.2 
46.7 
43.2 



7.1 
1.6 

5.9 
2.5 
1.8 
4.7 
2.6 



17.3 
36.2 
47.8 
40.8 
27.8 
33.6 
26.4 



0.5 
4.0 
9.0 
2.6 
16 
4.7 
1.7 



62 
26 
< I 
33 
52 
28 
39 



19.7 
21.7 
40.1 
36.8 
29.8 
31.5 
22.3 



3.6 
1.5 
5.3 
1.8 
2.0 
4.2 
1.5 



ND C 
3.9 ± 
38.9 
22.1 
15.2 
13.5 
11.6 



0.2 
6.2 
1.9 
1.1 
1.6 
1.4 



100 

82 
3 
40 
49 
57 
48 



*Ltvel of a-caicnin and 0-catenin aie normalized with £-actin from the same sample: (catenin/actin) x 100 
"Percentage loss in tumor primary culture: |(N - T)/N) x 100% 
* ND, not deteciabJe 
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a- and 0-calenins. Moderate inlerspecimen variation was 
observed in Ihe baseline expression of a-catenin and 
0-catenin mRNA levels in the non-neoplastic cultures. 



Immunohistoehemical studies ofcadherins and catenins 

In benign prostate tissue, E : cadherin was, in all cases, 
uniformly localized to the membranes of luminal glan- 
dular epithelial cells, predominantly at cell-cell junctions 
(Fig. 3A). One case of prostate cancer showed complete 
negative staining far E-cadherin (Fig. 3B), and the re- 
maining six cases demonstrated reduced immunoslaining 
for E-cadherin, with 25-75% of cancer ceils positive 
(Fig- 3Q. The cancerous glands generally showed re- 
duced signal intensity and an altered heterogeneous 
staining pattern, which included focal cytoplasmic stain- 
>ng and reduced membranous staining (Fig. 3C, Table 4). 

Benign prostate tissue showed uniform basal cell 
immunoreactivity for P-cadherin, with principally cyto- 
plasmic and focal membranous pattern staining. The 



benign, glandular non-basal epithelial cells and stromal 
cells were negative for P-cadherin (Fig. 3D). P-cadherin 
immunoreactivity was completely absent in two cases of 
prostate cancer (Fig. 3E), and the remaining five cases 
showed variable focal positivity, which was predomi- 
nantly cytoplasmic (Fig. 3F). This focal P-cadherin 
wnmunostaining positivity was confirmed by staining 
mulupje sections and by using different monoclonal 
anybodies: In some cases, serial sections also appeared 
to show immunostaining for both E and P-cadherins 
with the same neoplastic cells. 

In all cases of benign prostate tissue, o- and ^-catenin 
protein expression showed strong homogeneous staining 
of the luminal glandular epithelium and the basal cells. 
In a pattern similar to that of normal E-cadherin, the o- 
and ^catenins were localized predominately at luminal 
epithelial cell-cell, borders (Fig. 2A, Q. In all cases of 
prostate cancer, there was a mild-to-moderate reduction 
m staining for both catenins with 50-75% of cells 
positive, and the staining tended to be heterogeneous 
(Fig. 2B, D; Table 4). 



Table 4 Immunohistoehemical expression of cadherins and catc- ■ 

rnr^ i„ proctectomy specimens corresponding to primary prostate DbCUSslOB 



Case 



I 

2 
3 
4 
5 
6 
7 



E-cadherin 


P-cadherin 


a-caleoin 


/kaienin 






+ + 


-f + 


+ + 


+ 




+ + 


+ + + 


+ + 


+ + + 


+ + + 






+ + 


+ + + 


•f + + 


+ 


+ + + 


+ + + 


+ + 


+ 


+ + + 


+ -f + 


+ + 


+ 


+ + 


+ + + 



Tn_^S live: <25% P°sillvr; -+ + t 25-50V. positive; + + + 
50-75% posmve; -f 4 + +, >y$% positive 



In this study, we observed a coordinated down-regula- 
tion of the expression in the genes involved in the 
cadhenn and catenin mediated ccIMrell pathway at the 
mRNA level. The protein levels, as demonstrated by 
the immunohistoehemical studies on the corresponding 
tissue sections, were generally consistent with the 
mRNA data as well as with that reported in the litera- 
ture [18, 33, 34, 38, 39]. 

E-cadherin showed the most consistent loss of ex- 
pression at both the mRNA level and the protein level. 



Fig. 2A-D Immunobistochemi- 
eal staining of a- and /?-calenin 
in non-neoplastic prostate and 
in prostate adenocarcinoma. 
Original magnification xl 15. 
A, C Normal membranous 
expression of a-catenin ancl 
/F-catenin in non- neoplastic 
prostatic epithelium (Case I). 
B Decreased immunostaining 
for a-catenin in prostate . 
adenocarcinoma {Case I). 
T> Decreased and heterogenous 
immunostaining for ^-catenin 
in prostate adenocarcinoma 
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Fig. 3 A Immunohislochemical 
staining of E- and P-cadherin in 
nonneoplastic prostate and in 
prostate adenocarcinoma. 
Original magnification xl 15: 
A Normal membranous ex- 
pression of E-cadherin in non- 
neoplastic prostatic epithelium 
(Case I). B, C Complete 
negative (Case 1) and focal 
heterogeneous (Case 3) immu- 
nostaining for E-cadherin in 
prostate adenocarcinoma. 
D Norma) continuous basal 
layer expression of P-cadherin 
in a portion of non-neoplastic 
prostatic epithelium (Case I): 
E, F Complete negative 
(Case 1) and mild focal hetero- 
geneous (Case 3) immunos tam- 
ing for P-cadherin in prostate 
adenocarcinoma 




LOH at chromosome 16q, where both E-cadherin and 
P-cadherin are located, occurs in up to 30% of prostate 
cancers. Four of our cases showed a greater than 50% 
reduction in mRNA, ranging from 87 to I00%» sug- 
gesting that mechanisms in addition to LOH may play a 
role in the reduction of E-cadherin mRNA levels below 
that of the 50% predicted by LOH alone. 

Previous studies have suggested thai P-cadherin 
could serve as a specific marker, for basal cell differen- 
tiation and was not expressed in prostate cancer, 
although a recent study has shown focal P-cadherin 
expression in some prostate tumors 1 18]. In this study, 
we demonstrated P-cadherin mRNA in six of seven 
neoplastic cultures, although it was significantly reduced 
in all six cases. It is ; impossible to rule out the possibility 
that some of the P-cadherin mRNA expression may 
have resulted from potential contamination by small 
numbers of non-neoplastic basal cells admixed with the 
neoplastic cells within the culture material However, we 
favor the interpretation that low levels of P-cadherins 
arc expressed in cultured tumor cells, as well as weakly 
in some tumors in vivo owing to disruption of normal 
gene regulation. This interpretation is favored by the 
presence of focal immu nostaining for P-cadherin protein 
in histologically neoplastic cells in five of seven cases. 
The histologic selection criteria (requiring minimal to no 
benign prostate glands) should also have minimized 
major contamination. Despite the presence of mRNA in 
primary tumor cultures and focal positive immuno- 



staining, P-cadherin immunostaining may still serve as a 
useful basal cell marker because the staining pattern was 
distinctly abnormal in the cases where it was focally 
present. 

In this study, the levels of a- and 0-catenin mRNA 
were also lower than normal in six of seven cases, 
though the reductions were relatively less than those of 
cadberins, especially for the ct-catenins. Catenin protein 
expression was generally moderate to weak by immu- 
nohistochemistry and showed a heterogeneous cyto- 
plasmic and weak membranous staining pattern. The 
immunopositivity was generally similar in most cases, 
with 25-75% cells showing posilivily; The results of the 
immunohistochemical studies were generally consistent 
with the mRNA data; although not in all cases (e.g., 
Case 1); perhaps due to tumor heterogeneity. 

In this study, we also observed a coordinated down- 
reguJation of E-cadherin and the catenins in most cases; 
this was most observable at the mRNA level. The cad- 
herins are tightly regulated during embryogenesis and 
appear to serve the need for precise spatio-temporal 
regulation. The promoter sequences of both E-cadhenn 
and P-cadherin have been cloned and functionally ana- 
lyzed |2, 5, 10, 15). Both promoters have similar regu- 
latory elements, such as GO-rich regions and CCAAl 
boxes. Although the two promoters share similar se- 
quences, in vilro binding studies suggest that the two 
promoters are regulated by different transcriptional 
factors III). The tissue specificity of these promoters 
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appears to be derived by different combinations of a 
relatively few factors common to many types of tissues, 
and does not appear to be derived from transcription 
factors specific for each type of tissue. In our study the 
™ C a . ^ ° f cx P ression of a- and 0-catenins at the 
r rV r* 1 . WaS corre,ate d with reductions in the levels 
of E-cadherm expression. Although the exact mecha- 
nism of this coordinated down-regulation is not known 
he coordinated pattern supports the hypothesis that 
loss or alteration of some regulatory feelers occurs 
dunng prostate tumor progression. PossibJe mechanisms 
include transcriptional factor alterations or hyper- 
metbylation of the promoter region [14, 43]. Umited 
nformation is available on the transcriptional regula- 
tion of the catenins, but it is possible that similar 
mechanisms may play a role, 
_ » m -first 

comparative study of the 

2!TT! f£ ^ involvcd in ** cadhtrin-medi- 
ated cell-cell adhesion pathway at the mRNA level using 

paired neoplastic and non-neoplastic primary cultures 
f„T . I' 0 ™ P r ° s, atettomy specimens. Our results 
mdicate that (1) .here is a marked patient-lo-patient 

™ ox, 0 ™' ,tVC,S of lhc 
catemns; (2) mRNA levels of E-cadherin as well as 

catemns are significantly reduced in some prostate can- 
cer primary cultures, and the reduction tends to be to the 
same degree in each tumor, suggesting a defect in a 
regulating mechanism common to all of these genes; (3) 
P-cadhenn appears to be present at both the mRNA 
Jevel and the protein level in some prostate cancers. This 
coordinated down-regulation of E-cadherin and catenin- 
mediated adhesion pathways may p| ay a cnlcia , tok ;„ 
tumor pathogenesis and metastasis. 
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Down-regulation of prostate-specific antigen expression by finasteride 
through inhibition of complex formation between androgen receptor and 
steroid receptor-binding consensus in the promoter of the PSA gene in 
LNCaP cells. 

Wang LG , Liu XM Kreis W. Budman DR . 

Department of Medicine, New York University, Manhasset 1 1030, USA. 

As a specific competitive inhibitor of 5alpha-reductase, an intracellular enzyme that 
converts testosterone to dihydrotestosterone, finasteride is being extensively used for the 
treatment of benign prostatic hyperplasia and in experimental settings for prostate cancer. 
In this study, we showed that finasteride markedly inhibited prostate-specific antigen 
(PSA) secretion and expression. The promoter of the PSA gene contains several well- 
known cis-regulatory elements. Among them, steroid receptor-binding consensus (SRBC) 
has been identified as a functional androgen-responsive element Our previous study 
showed that PSA was not only present in conditioned medium of the PSA-positive 
LNCaP cells but was also detectable in small amounts in PSA-negative cell lines, PC-3 
and DU-145 (L. G, Wang et al:, Oncol. Rep., 3: 911-917, 1996). A strong correlation 
between binding of nuclear factors to SRBC and the level of PSA present in the 
conditioned medium and cell extracts was found in these three cell lines, whereas no such 
correlation with binding was obtained using Spl oligonucleotide as a probe. Binding of 
LNCaP cell nuclear proteins to SRBC was diminished when the cells were exposed to 25 
microM finasteride, at which concentration 50% of both PSA mRNA and protein were 
inhibited. As a major component of DNA-protein complexes, the level of androgen 
receptor was dramatically decreased in the cells treated with finasteride. Our data indicate 
that inhibition of complex formation between SRBC and nuclear proteins due to the 
remarkable decrease in the level of androgen receptor plays a key role in the down- 
regulation of PS A gene expression by finasteride in LNCaP cells. 

PMID: 9044850 [PubMed - indexed for MEDLINE] 
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Expression of calcyclin in human melanocyte Icsious. 

Weterman MA . van Muijen GN , Clocmcrs HP , Ruicer DJ . 

Department of Biochemistry, University of Nijmegen, The Netherlands. 

When comparing two subsequent stages of melanocyte tumor progression we identified 
calcyclin as a new potential progression marker, the expression of which was correlated 
with metastatic behavior of various human melanoma cell lines in nude mice. In this 
study, we describe a good correlation between RNA and protein levels in the xenograas 
of these cell lines and extended these experiments to a panel of 120 routinely processed 
human melanocyte cutaneous lesions. Northern blot analysis demonstrated that calcyclin 
RNA expression was elevated in melanoma metastases as compared to several types of 
nevocellular nevi. Calcyclin staining using a specific polyclonal antiserum showed a 
more complex pattern. A stronger staining in a higher percentage of positive cells was 
observed in thick primary melanoma (> or = 1 .5 mm) as compared to thin primary 
melanoma (< L5 mm). Calcyclin expression was also present in a higher percentage of 
cells showing a stronger staining in melanomas with higher Clark levels (> II) 
corresponding to the vertical growth phase of primary melanomas. Protein expression in 
nevocellular nevi was confined to the dermal part and was highest in the lower parts of 
the dermis. Remarkably, dysplastic nevi (atypical moles), potential precursors of 
melanoma, did not show any expression at all, either in junctional or dermal. parts. 
Confinement of the expression to the dermal part of nondysplastic nevi and primary 
melanomas may reflect interactions with the microenvironment of the reticular dermis 
that occurs with vertical growth! 

PMID; 8261423 [PubMed- indexed for MEDLINE] 
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Estrogen regulation of the cytochrome P450 3A subfamily in humans. 

Williams ET, Lcyk M, Wrighton SA, Da vies PJ , Loose PS, Shipley GL, Strobel HW . 

Department of Biochemistry, Medical School, University of Texas Health Science Center 
atHouston, 643 1 Fannin, MSB 6.200, Houston, TX 77030, USA. 

This study examines the possible role of estrogen in regulating the expression of the 
human CYP3A subfamily: CYP3A4, CYP3A5, CYP3A7, and CYP3A43. To accomplish 
this goal, mRNA was quantified from human livers and endometrial samples, and total 
CYP3A protein levels were evaluated by Western immunoblot analysis of the liver 
samples. The human endometrial samples were from premenopausal and postmenopausal 
women. The premenopausal endometrium was either in the proliferative or secretory 
phase, whereas for the postmenojpausal endometrium samples, the women had been 
treated with either a placebo or estropipate, an estrogen substitute. After analyses, 
CYP3A4 mRNA was shown to have lower hepatic expression in females main in males. 
In the endometrium, CYP3 A4 and CYP3A43 are down-regulated by estrogen, whereas 
CYP3 A5 is expressed at higher levels during the secretory phase. CYP3 A7 was not 
detected in the endometrium. In addition, the CYP3 A subfamily showed increased 
mRNA expression in the liver as age increased. The expression levels of total CYP3 A 
protein and total CYP3A mRNA showed good correlation. Despite apparent regulation of 
CYP3 A4 mRNA expression by estrogen, the effects of estrogen may be overshadowed 
by additional regulators of gene expression. 
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Severely decreased MARCKS expression correlates with ras reversion but 
not with autogenic responsiveness. 

Wojtaszek PA. Stumpo DJ , Blackshcar PJ . Macara IG . 

Department of Pathology, University of Vermont College of Medicine Burlington 
05405. ' . 

Phorbol ester-inducible phosphorylation of MARCKS, the '80-kDa' substrate of protein 
kinase C, was undetectable in several phenotypical ly dominant, non-transformed 
reveftajits independently derived from the ras-trans formed ceil line NIH3T3 DT-ras. 
Extremely low expression of MARCKS protein accounted for this apparent lack of 
phosphorylation. MARCKS -encoding mRNA levels were correspondingly decreased 
relative to normal and ras-rransformed cells in all four ras revertant cell lines studied: C- 
1 1 and F-2, derived by 5-azacytidine treatment and selection with ouabain; CHP 9CJ, 
derived by ethylmethane sulfonate mutagenesis and selection with cis-hydroxy-L-proline; 
and 12-V3, derived by transfection with the human Krev-1 gene. However, re-expression 
of MARCKS after transfection of a cloned MARCKS cDNA into the C-l 1 ras revertant 
ceils was not sufficient to induce ^transformation. In fact, no significant difference in 
sensitivity to mitogenic. stimulation by phorbol esters was observed among several cell 
lines expressing widely varying levels of MARCKS. This evidence argues against a 
direct role for MARCKS in mitogenic signaling,. However, the strong correlation between 
attenuation of MARCfS expression and phenorypically dominant ras reversion suggests 
that a common negative regulatory mechanism might be responsible for both effects, 
presenting a potentially useful strategy for identifying factors involved in transducing the 
ras signal. 
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Outline Abstract 



Background 

Prostate stem cell antigen (PSCA) is a recently defined homologue of the 
7hy-.l/Ly-6 family of glycosylphosphatidylinositol (GPJ)-anchored cell 
surface antigens. The purpose of the present study was to examine the 
expression status of PSCA protein and mRNA in clinical specimens of human 
prostate cancer (Pea) and to validate it as a potential molecular target for 
diagnosis and treatment of Pea. 

Materials and Methods 

Immunohislochemical (IHC) and in situ hybridization (ISH) analyses of PSCA 
expression were simultaneously performed on paraffin- embedded sections 
froni 20 benign prostatic hyperplasia (BPH), 20 prostatic intraepithelial 
neoplasm (PJN) and 48 prostate cancer (Pea) tissues, including 9 androgen- 
independent prostate cancers. The level of PSCA expression was 
serniquantitatively scored by assessing both the percentage and intensity of 
PSCA- positive staining cells in the specimens. Then compared PSCA 
-expression between BPH, PIN and Pea tissues and analysed the correlations 
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of PSCA expression level with pathological grade, clinical stage and 
progression to androgen-independence in Pea. 

Results 

In BPH and low grade PIN, PSCA protein and mRNA staining were weak or 
negative and less intense and uniform than that seen in HGPIN and- Pea 
There were moderate to strong PSCA protein and mRNA expression in 8 of 
1 1 (72.7%) HGPIN and in 40 of 48 (83.4%) Pea specimens examined by 
IHC and ISH analyses, with statistical significance compared with BPH 
(20%) and low grade PIN (22.2%) samples (p < 0.05/ respectively). The 
expression level of PSCA increased with high Gleason grade, advanced stage 
and progression to androgen-independence (p < 0.05, respectively). In 
addition, IHC and ISH staining showed a high degree of correlation between 
PSCA protein and mRNA overexpression. 

Conclusions 

Our data demonstrate that PSCA as a new cell surface marker is 
overexpressed by a majority of human Pea. PSCA expression correlates 
positively with adverse tumor characteristics, such as increasing 
pathological grade (poor cell differentiation), worsening clinical stage and 
androgen-independence, and speculatively with prostate carcinogenesis. 
PSCA protein overexpression results from upregulated transcription of PSCA 
mRNA. PSCA may have prognostic utility and may be a promising molecular 
target for diagnosis and treatment of Pea. 



Outline Introduction 



Prostate cancer (Pea) is the second leading cause of cancer-related death in 



Jnirorfurtion American men and is becoming a common cancer increasing in China 



tenuis cVnc: r.v.- : \ \ 



Despite recently great progress in the diagnosis and management of 
localized disease, there continues to be a need for new diagnostic markers 
that can accurately discriminate between indolent and aggressive variants of 
Pea. There also continues to be a need for the identification and 
characterization of potential new therapeutic targets on Pea cells. Current 
diagnostic and therapeutic modalities for recurrent and metastatic Pea have 
been limited by a lack of specific target antigens of Pea. 

Although a number of prostate-specific genes have been identified (i.e. 
prostate specific antigen, prostatic acid phosphatase, glandular kallikrein 2) 
the majority of these are secreted proteins not ideally suited for many 
immunological strategies. So, the identification of new cell surface antigens 
rs cntical to the development of new diagnostic and therapeutic approaches 
to the management ol Pea. 

Reiter RE et al f J] reported the identification of prostate stem cell antigen 
(PSCA), a cell surface antigen that is predominantly prostate specific. The 
PSCA gene encodes a 3 23 amino acid glycoprotein, with 30% homology to 
stem cell antigen 2 (Sea 2). Like Sca-2, PSCA also belongs to a member of 
the Ihy- j/i.y-6 family and is anchored by a giycosylphosphatidylinositol 
(GP1) linkage. mRNA in situ hybridization (ISH) localized PSCA expression in 
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normal prostate to the basal cell epithelium, the putative stem cell 
compartment of prostatic epithelium, suggesting that PSCA may be a 
marker of prostate stem/progenitor cells. 

In order to examine the status of PSCA protein and mRNA expression in 
human Pea and validate it as a potential diagnostic and therapeutic target • 
for Pea, we used immunobistochemistry (IHC) and in situ hybridization 
(1SH) simultaneously, and conducted PSCA protein and mRNA expression 
analyses in paraffin-embedded tissue specimens of benign prostatic 
hyperplasia (BPH, n = 20), prostate intraepithelial neoplasm (PIN, n = 20) 
and prostate cancer (Pea, n = 48). Furthermore, we evaluated the possible 
correlation of PSCA expression level with Pea tumorigenesis, grade, stage 
and progression to androgen-independence. 
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Table 1 

Correlation of PSCA 
expression with Gleason 
score 



Correlation of PSCA 
expression with clinical 
stage 



Tissue samples 

AH of the clinical tissue specimens studied herein were obtained from 80 
patients of 57-84 years old by prostatectomy, transurethral resection of 
prostate (TURP) or biopsies. The patients were classified as 20 cases of BPH, 
20 cases of PIN, 40 cases of primary Pea, including 9 patients with recurrent 
Pea and a history of androgen ablation therapy (orchiectomy and/or 
hormonal therapy), who were referred to as androgen-independent prostate 
cancers. Eight specimens were harvested from these androgen-independent 
Pea patients prior to androgen ablation treatment. Each tissue sample was 
cut into two parts, one was fixed in 10% formalin for JHC and the other 
treated with 4% paraformaldehyde/0.1 M PBS PH 7.4 in 0.1% DEPC for 1 h 
for JSH analysis, and then embedded in paraffin. All paraffin blocks 
examined were then cut into 5 jjm sections and mounted on the glass slides 
specific for IHC and ISH respectively in the usual fashion. H&E-stained 
section of each Pea was evaluated and assigned a Gleason score by the 
experienced urological pathologist at our institution based on the criteria of 
Gleason score \ The Gleason sums are summarized in Table \ . Clinical 
staging was performed according to Jewett-whitmore-prout staging system, 
as shown in Table 2. In the category of PIN, we graded the specimens into 
two groups, i.e. low grade PJN (grade ) - JI) and high grade PIN (HGPJN, 
grade HI) on the basis of literatures [3,4]. 

Immunohistochemical (IHC) analysis 

Briefly, tissue sections were deparaffinized, dehydrated, and subjected to 
microwaving in 3 0 mmol/L citrate buffer, PH 6.0 (Boshide, Wuhan, China) in 
a 900 W oven for 5 rnin to induce epitope retrieval. Slides were allowed to 
cool at room temperature for 30 m"m. A primary mouse antibody specific to 
human PSCA (Boshide, Wuhan, China) with a 1:300 dilution was applied to 
incubate with the slides at room temperature for 2 h. Labeling was detected 
by sequentially adding biotinylated secondary antibodies and strepavidin- 
peroxrdase, and localized using 3,3'-diaminobenzidine reaction. Sections 
were then counterslained with hematoxylin. Substitution of the primary 
antibody with phosphate- buffered-saline (PBS) setved as a negative- 
Staining control. 
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mRNA in situ hybridization (ISH) 

Five-pm-thick tissue sections were deparaffinized and dehydrated, then 
digested in pepsin solution (4 mg/rnl in 3% citric acid) for 20 min at 37.5°C, 
and further processed for ISH. Digoxigenin-labeled sense and antisense 
human P5CA RNA probes (obtained from Boshide, Wuhan, China) were 
hybridized to the sections at 48°C overnight. The posthybridization wash 
with a high stringency was performed sequentially at 37°C in 2 x standard 
saline citrate (SSC). for 10 min, in 0.5 x SSC for 15 min and in 0.2 x SSC 
for 30 min. The slides were then incubated to biotinytated mouse anti- 
digoxigenin antibody at 37.5°C for 1 h followed by washing in 3 x PBS for 
20 min at room temperature, and then to strepavidin-peroxidase at 37.5°C 
for 20 min followed by washing in 1 x PBS for 15 min at room temperature. 
Subsequently, the slides were developed with diaminobenzidine and then 
counterstained with hematoxylin to localize the hybridization signals. 
Sections hybridized with the sense. control probes routinely did not show any 
specific hybridization signal above background. All slides were hybridized 
with PBS to substitute for the probes as a negative control. 

Scoring methods 

To determine the correlation between the results of PSCA immunostaining 
and mRNA in situ hybridization, the same scoring manners are taken in the 
present study for PSCA protein staining by JHCand PSCA mRNA staining by 
ISH. Each slide was read and scored by two independently experienced 
urological pathologists using Olympus BX-41 light microscopes. The 
evaluation was done in a blinded fashion. For each section, five areas of 
similar grade were analyzed semiquantitatively for the fraction of cells 
staining. Fifty percent of specimens were randomly chosen and rescored to 
determine the degree of interobserver and intraobserver concordance. There 
was greater than 95% intra- and interobserver agreement. 

The intensity of PSCA expression evaluated microscopically was graded on a 
scale of 0 to 3-r with 3 being the highest expression observed (0, no 
staining; 1-t-, mildly intense; 2 r, moderately intense; 3-r, severely intense). 
The staining density was quantified as the percentage of cells staining 
positive for PSCA with the primary antibody or hybridization probe, as 
follows: 0 = no staining; 1 - positive staining in <25% of the sample; 2 = 
positive staining in 25%-50% of the sample; 3 = positive staining in >50% 
of the sample. Intensity score (0 to 3+) was multiplied by the density score 
(0-3) to give an overall score of 0-9 |.i,5]. In this way, we were able to 
differentiate specimens that may have had local areas of increased staining 
from those that had diffuse areas of increased staining [6]. The overall score 
for each specimen was then categorically assigned to one of the following- 
groups: 0 score, negative expression; 1-2 scores, weak expression; -3-6 
scores, moderate expression; 9 score, strong expression. 

Statistical analysis 

Intensity and density of PSCA protein and mRNA expression in BPH, PIN and 
Pea tissues were compared using the Chi-square and Student's f-test. 
Univariate associations between PSCA expression and Gleason score, clinical 
stage and progression to androgen- independence were calculated using 
Fisher's Exact Test. For all analyses, p < 0.05 was considered statistically 
significant. 
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Representatives of PSCA 
IHC and ISH staining in Pea 
(A. IHC staining, B. ISH 
staining, x200 
magnification) 



PSCA expression in BPH 

* 

In general, PSCA protein and mRNA were expressed weakly in individual 
samples of BPH. Some areas of prostate expressed weak levels (composite 
score 1-2), whereas other areas were completely negative (composite score 
0). Four cases (20%) of BPH had moderate expression of PSCA protein and 
mRNA (composite score 4-6) by IHC and ISH. In 2/20 (10%) BPH 
specimens, PSCA mRNA expression was moderate (composite score 3-6), 
but PSCA protein expression was weak (composite score 2) in one and 
negative (composite score 0) in the other. PSCA expression was localized to 
the basal and secretory epithelial cells, and prostatic stroma was almost 
negative staining for PSCA protein and mRNA in all cases examined. 

PSCA expression in PIN 

In this study, we detected weak or negative expression of PSCA protein and 
mRNA (^2 scores) in 7 of 9 (77.8%) low grade PIN and in 2 of n (18.2%) ' 
HGPIN, and moderate expression (3-6 scores) in the rest 2 low grade PIN 
and 5 of 11 (45.5%) HGPIN. One HGPIN with moderate PSCA mRNA 
expression (6 score) was found weak staining for PSCA protein (2 score) by 
JHC. Strong PSCA protein and mRNA expression (9 score) were detected in 
the remaining 3 of 11 (27.3%) HGPIN. There was a statistically significant 
difference of PSCA protein and mRNA expression levels observed between 
HGPIN and BPH (p < 0.05), but no statistical difference reached between 
low grade PIN and BPH (p > 0.05). 

PSCA expression in Pea 

In order to determine if PSCA protein and mRNA can be detected in prostate 
cancers and if PSCA expression levels are increased in malignant compared 
with benign glands, Forty-eight paraffin-embedded Pea specimens were 
analysed by IHC and ISH. It was shown that 19 of 48 (39.6%) Pea samples 
stained very strongly for PSCA protein and mRNA with a score of 9 and 
another 21 (43.8%) specimens displayed moderate staining with scores of 
4-6 (Figure 1). In addition, 4 specimens with moderate to strong PSCA 
rnRNA expression (scores of 4-9) had weak protein staining (a score of 2) 
by IHC analyses. Overall, Pea expressed a significantly higher level of PSCA 
protein and mRNA than any other specimen category in this study (p < 
0.05, compared with BPH and PIN respectively). The result demonstrates 
that PSCA protein and mRNA are overexpressed by a majority of human 
Pea. 

Correlation of PSCA expression with Gleason score in Pea 

Using the semi-quantitative scoring method as described in Materials and 
Methods, we compared the expression level ol PSCA protein and mRNA with 
Gleason grade of Pea, as shown in Table 1. Prostate adenocarcinomas were 
graded by Gleason score as 2-4 scores = well- different ration, 5-7 scores = 
moderate- differentiation and 3- 10 scores = poor- differ ent int ion |>"j. 
Seventy- two percent of Gteason scores 8- .10 prostate cancers had very 
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strong staining of PSCA compared to 21% with Gleason scores 5-7 and 17% 
with 2-4 respectively, demonstrating that poorly differentiated Pea had 
significantly stronger expression of PSCA protein and mRNA than 
moderately and well differentiated tumors (p < 0.05). As depicted in Figure 
1, IHC and 1SH analyses showed that PSCA protein and mRNA expression in 
several cases of poorly differentiated Pea were particularly prominent, with 
more intense and uniform staining. The results indicate that PSCA 
expression increases significantly with higher tumor grade in human Pea. 

Correlation of PSCA expression with clinical stage in Pea 

With regards to PSCA expression in every stage of Pea, we showed the 
results in Table 2. Seventy- five percent of locally advanced and node 
positive cancers (i.e. C-D stages) expressed statistically high levels of PSCA 
versus 32.5% that were organ confined (i.e. A-B stages) (p < 0.05). The 
data demonstrate that PSCA expression increases significantly with 
advanced tumor stage in human Pea. 

Correlation of PSCA expression with androgen- 
independent progression of Pea 

All 9 specimens of androgen-independent prostate cancers stained positive 
for PSCA protein and mRNA. Eight specimens were obtained from patients 
managed prior to androgen ablation therapy. Seven of eight (87.5%) of 
these androgen-independent prostate cancers were in the strongest staining 
category (score = 9), compared with three out of eight (37.5%) of patients 
with androgen- dependent cancers (p < 0.05). The results demonstrate that 
PSCA expression increases significantly with progression to androgen- 
independence of human Pea. 

it is evident from the results above that within a majority of human prostate 
cancers the level of PSCA protein and mRNA expression correlates 
significantly with increasing grade, worsening stage and progression to 
androgen-independence. 

Correlation of PSCA immunostaining and mRNA in situ 
hybridization 

]n all 88 specimens surveyed herein, we compared the results of PSCA IHC 
staining with mRNA 1SH analysis. Positive staining areas and its intensity 
and density scores evaluated by JHC were identical to those seen by ISH in 
79 of 88 (39.8%) specimens (18/20 BPH, 3 9/20 PIN and 42/48 Pea 
respectively). Importantly, 27/27 samples with PSCA mRNA composite 
scores of 0-2, 32/36 samples with scores of 3-6 and 22/24 samples with a 
score of 9 also had PSCA protein expression scores of 0-2, 3-6 and 9 
respectively. However, in 5 samples with PSCA mRNA overall scores of 3-6 
and in 2 with scores of 9 there were less or negative PSCA protein ■ 
expression (i.e. scores of 0-4), suggesting that this may reflect 
posttranscnptional modification of PSCA or that the epitopes recognized by 
PSCA mAb may be obscured in some cancers. The data demonstrate that 
the results of PSCA immunostaining were consistent with those of mRNA 
ISH analysis, showing a high degree of correlation between PSCA protein 
and rnRNA expression. 
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PSCA is homologous to a group of cell surface proteins that mark the 
earliest phase of hematopoietic development. PSCA mRNA expression is 
prostate-specific in normal male tissues and is highly up-regulated in both 
androgen-dependent and-independent Pea xenografts (LAPC-4 tumors). We 
hypothesize that PSCA may play a role in Pea tumorigenesis and 
progression, and may serve as a target for Pea diagnosis and treatment. In 
this study, IHC and ISH showed that in general there were weak or absent 
PSCA protein and mRNA expression in BPH.and low grade PIN tissues. 
However, PSCA protein and mRNA are widely expressed in HGPIN, the 
putative precursor of invasive Pea, suggesting that up-regulation of PSCA is 
an early event in prostate carcinogenesis. Recently, Reiter RE et al [1], 
using ISH analysis, reported that 97 of 118 (82%) HGPIN specimens stained 
strongly positive for PSCA mRNA. A very similar finding was seen on mouse 
PSCA (mPSCA) expression in mouse HGPIN tissues by Tran C. P et a I [S]. 
These data suggest that PSCA may be a new marker associated with 
transformation of prostate cells and tumorigenesis. 



We observed that PSCA protein and mRNA are highly expressed in a large 
percentage of human prostate cancers, including advanced, poorly 
differentiated, androgen-independent and metastatic cases. Fluorescence- 
activated cell, sorting and cbnfocal/ immunofluorescent studies 
demonstrated cell surface expression of PSCA protein in Pea cells [9). Our 
IHC expression analysis of PSCA shows not only cell surface but also 
apparent cytoplasmic staining of PSCA protein in Pea specimens (Figure 1). 
One possible explanation for this is that anti-PSCA antibody can recognize 
PSCA peptide precursors that reside in the cytoplasm. Also, it is possible 
that the positive staining that appears in the cytoplasm is actually from the 
overlying cell membrane [5]. These data seem to indicate that PSCA is a 
novel cell surface marker for human Pea. 



Our results show that elevated level of PSCA expression correlates with high 
grade (i.e. poor differentiation), increased tumor stage and progression to 
androgen-independence of Pea. These findings support the original IHC 
analyses by Gu.Z et al [9], who reported that PSCA protein expressed in 
94% of primary Pea and the intensity of PSCA protein expression increased 
with tumor grade, stage and progression to androgen-independence. Our 
results also collaborate the recent work of Han KR et al (10], in which the 
significant association between high PSCA expression and adverse 
prognostic features such as high Gleason score, seminal vesicle invasion and 
capsular involvement in Pea was found. It is suggested that PSCA 
overexpression may be an adverse predictor for recurrence, clinical 
progression or survival of Pea. Hara H et al [31] used RT-PCR detection of 
PSA, PSMA and PSCA in J ml of peripheral blood to evaluate Pea patients 
with poor prognosis. The results showed that among 58 PCa patients, each 
PCR indicated the prognostic value in the hierarchy of PSCA> PSA > PSMA RT- 
PCR, and extraprostatic cases with positive PSCA PCR indicated lower 
disease-progression- free survival than those with negative PSCA PCR, 
demonstrating that PSCA can be used as a prognostic factor. Dubey P et al 
[].?] reported that elevated numbers of PSCA -r cells correlate positively 
with the onset and development of prostate carcinoma ovei a long time 
span in the prostates of the TRAMP and PTEN r/- models compared with its 
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normal prostates. Taken together with our present findings, in which PSCA 
is overexpressed from HGPIN to almost frank carcinoma, it is reasonable . 
and possible to use increased PSCA expression level or increased numbers 
of PSCA- positive cells in the prostate samples as a prognostic marker to 
predict the potential onset of this cancer. These data raise the possibility 
that PSCA may have diagnostic utility or clinical prognostic value in human 
Pea. 

The cause of PSCA overexpression in Pea is not known. One possible 
mechanism is that it may result from PSCA gene amplification. In humans, 
PSCA is located on chromosome 8q24.2 [1], which is often amplified in 
metastatic and recurrent Pea and considered to indicate a poor prognosis 
[13-15]. Interestingly, PSCA is in close proximity to the c-myc oncogene, 
which is amplified in >20% of recurrent and metastatic prostate cancers 
[16,17]. Reiter RE et al [18] reported that PSCA and MYC gene copy 
numbers were co-amplified in 25% of tumors (five out of twenty), 
demonstrating that PSCA overexpression is associated with PSCA and MYC 
coamplification in Pea. Gu Z et al [9] recently reporteted that in 102 
specimens available to compare the results of PSCA immunostaining with 
their previous mRNA ISH analysis, 92 (90.2%) had identically positive areas 
of PSCA protein and mRNA expression. Taken together with our findings, in 
which we detected moderate to strong expression of PSCA protein and 
mRNA in 34 of 40 (85%) Pea specimens examined simultaneously by IHC 
and ISH analyses, it is demonstrated that PSCA protein and mRNA 
overexpressed in human Pea, and that the increased protein level of PSCA 
was resulted from the upregulated transcription of its mRNA. 

At present, the regulation mechanisms of human PSCA expression and its 
biological function are yet to be elucidated. PSCA expression may be 
regulated by multiple factors [13]. Watabe T et al [19] reported that 
transcriptional control is a major component regulating PSCA expression 
levels. In addition, induction of PSCA expression may be regulated or 
mediated through cell-cell contact and protein kinase C (PKC) (20]. 
Homologues of PSCA have diverse activities, and have themselves been 
involved in carcinogenesis. Signalling through SCA-2 has been demonstrated 
to prevent apoptosis in immature thymocytes [2 J ]. Thy-1 is involved in T 
cell activation and transducts signals through src-like tyrosine kinases [22]. 
Ly-6 genes have been implicated both in tumorigenesis and in cell-cell 
adhesion |2.}--25]. Cell-cell or cell-matrix interaction is critical for local tumor 
growth and spread to distal sites. From its restricted expression in basal 
cells of normal prostate and its homology to SCA-2, PSCA may play a role in 
stem/progenitor cell function, such as self-renewal (i.e. anti-apoptosis) 
and/or proliferation [J]. Taken together with the results in the present 
study, we speculate that PSCA may play a role in tumorigenesis and clinical 
progression of Pea through affecting cell transformation and proliferation. 
From our results, it is also suggested that PSCA as a new cell surface 
antigen may have a number of potential uses in the diagnosis, ther apy and 
clinical, prognosis of human Pea. PSCA overexpression in prostate biopsies 
could be used to identify patients at high risk to develop recurrent or 
metastatic disease, and to discriminate cancers from normal glands in 
prostatectomy samples. Strnilaily, the detection of PSCA- overexpressing 
cells in bone marrow or peripheral blood may identify and pi edict metastatic 
progression better than current assays, which identify only PSA-positive or 
PSMA- positive prostate cells. 
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In summary, we have shown in this study that PSCA protein and mRNA are 
maintained in expression from HGP1N through all stages of Pea in a majority 
of cases, which may be associated with prostate carcinogenesis and 
correlate positively with high tumor grade (poor cell differentiation), 
advanced stage and androgen-independent progression. PSCA protein 
over expression is due to the upregulation of its mRNA transcription. The 
results suggest that PSCA may be a promising molecular marker for the 
clinical prognosis of human Pea and a valuable target for diagnosis and 
therapy of this tumor. 
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Expression of superoxide dismntases, catalase, and glutathione peroxidase 
in glioma cells, 

ZhgngW, YaoT, Lbn R, Oberlev LW. 

C. a tyS242 R U?r h Lab ° rat0 ^ of Radiology, The University of Iowa, Iowa 

Four primary antioxidant enzymes were measured in both human and rat glioma cells 
Both manganese-containing superoxide dismutase (MnSOD) and copper-zinc-containing 
superox.de d.smutase (CuZnSOD) activities varied greatly among the different glioma 
ceH lmes. MnSOD was generally higher in human glioma cells than in rat glioma cells 
and relatively lugher than in other tumor types. High levels of MnSOD in human glioma 
cells were due to the high levels of expression of MnSOD mRNA and protein 
Heterogeneous expression of MnSOD was present in individual glioma cell lines and 

? t™° sub P°P uIations or ce »s at different differentiation stages. Less difference 
in Cu&iSOD, catalase, or glutathione peroxide was found between human and rat glioma 
cells. Hie human ghoma cell lines showed large differences in sensitivity to the 
glutathione modulating drugs 1,3-bis (2-chloroethyl)-l -nitrosourea (BCNU) and 
buthionine^ulfoximine (BSO). A good correlation was found between sensitivity to 
BCNU-anc I the activity of catalase in these cell lines. Only one cell line was sensitive to 
BSO and this line had low CuZnSOD activity. 

PMID: 10641728 [PubMed - indexed for MEDLINE] 
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{Expression of human telomerase reverse transcriptase in cervix cancer 
and its significance) 

[Article in Chinese] 

^LL v XhlLX, WuJP, XujQ, HuangJL, UJCZ, Lm_XL Ma_D. 

Department of Obstetrics and Gynecology, Tongji Hospital , Tongji Medical College 
Huazliong University of Science and Technology, Wuhan 430030, China. 

OBJECTIVE: To investigate the expression of human telomerase reverse transcriptase 
(hTERT) mRNA and protein in cervix cancer, cervical intraepithelial neoplasia (CIN) 
and normal cervix. METHODS: Expression of hTERT mRNA and the other two subunits 
of telomerase, human telomerase RNA component (hTR), human telomerase-associated 
protein (hTPl) was determined by RT-PCR in 3 cervix cancer cell lines, 2 diploid cell 
lines, 38 cases of cervix cancer, 16 cases of CIN and 20 cases of normal cervix. 
Telomerase activity was also examined by telomeric repeat amplification protocol 
enzyme-linked immunosorbent assay (TRAP-ELISA). Expression of hTERT protein was 
detected in all the cell lines and. 101 cases of paraffinized cervix tissue sections. 
RESULTS: hTERT mRNA expression was detected in all of the three cervix cancer cell 
lines, 81.6% of cervix cancer, 37.5% of CIN, 5.0% of normal cervix, while in neither of 
the two diploid cell lines. The other two subunits of telomerase were prevalently 
expressed in all of the cell lines and most cervix tissues. There was a strong correlation 
between hTERT mRNA expression and telomerase activity. Immunostaining also 
revealed that hTERT protein was expressed in all three cervix cancer cell lines 65 5% of 
cervix cancer, 28.0% of CIN and 4.8% of normal cervix. CONCLUSION: Up-regulation 
of hi ERT may play an important role in the development of CIN and cervix cancer, 
hTERT could be used as an early diagnostic biomarker for cervix cancer. 

PMID: 16008894 [PubMed - in process] 
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ORIGINAL ARTICLE 

Gene expression signatures and biomarkers of noninvasive and invasive 
breast cancer cells: comprehensive profiles by representational difference 
analysis, microarr ays and proteomics 

GM Nagaraja 1 , M Othman 2 , BP Fox 1 , R Alsaber 1 , CM Pellegrino 3 , Y Zeng 2 , R Khanna 2 , 
P Tamburini 3 , A Swaroop 2 and RP Kandpal 1 

1 Department of Biological Sciences, Fordham University, Bronx, NY, USA; 2 Department of Ophthalmology and 
Visual Sciences, University of Michigan, Ann Arbor, Ml, US A and 3 Bayer Corporation, West Haven, CT, USA 



_3&c~ have characterized comprehensive transcript , and 
proteomic profiles of cell lines corresponding to normal 
breast (MCF10A), noninvasive breast cancer (MCF7) and 
invasive breast cancer (MDA-MB-231). The transcript 
profiles were first analysed by a modified protocol for 
representational difference analysis (RDA) of cDNAs 
between MCF7 and MDA-MB-231 cells. The majority of 
.genes identified by RDA showed nearly complete con- 
cordance with microarray results, and also led to the 
identification of some differentially expressed genes such 
as lysyl oxidase, copper transporter ATP7A, EphB6, 
RUNX2 and a variant of RUNX2. The altered transcripts 
identified by microarray analysis were involved in cell-cell 
or cell-matrix interaction, Rho signaling, calcium home- 
ostasis and copper-binding/sensitive activities. A set of 
nine genes that included GPCR11, cadherin 11, annexin 
Al, vi men tin, lactate dehydrogenase B (upregulated in 
MDA-MB-231) and GREB1, S100A8, amyloid pre- 
cursor protein, claudin 3 and cadherin 1 (downregulated in 
MDA-MB-231) were sufficient to distinguish MDA-MB- 
231 from MCF7 cells. The downregulation of a set of 
transcripts for proteins involved in cell-cell interaction 
indicated these transcripts as potential markers for 
invasiveness that can be detected by methylation-specific 
PCR. The proteomic profiles indicated altered abundance 
of fewer proteins as compared to transcript profiles. 
Antisense knockdown of selected transcripts led to 
inhibition of cell proliferation that was accompanied by 
altered proteomic profiles. The proteomic profiles of 
antisense transfectants suggest the involvement of pepti- 
dyl-prolyl isomerase, Raf kinase inhibitor and 80kDa 
protein kinase C substrate in mediating the inhibition of 
cell proliferation. 

Oncogene {2006) 25, 2328-2338. doi: 10. 1038/sj.onc. 1209265; 
published online 28 November 2005 , 
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Introduction 

The transformation of a normal cell into' a cancer cell 
has been correlated to altered expression of a variety of 
genes (Perou et al, 2000; Becker et al, 2005). The 
expression of some of these genes is a direct result of 
sequence mutation, whereas other changes occur due to 
alterations in gene products that participate in specific 
pathways. The changes in gene expression have been 
routinely characterized by classical subtraction hybridi- 
zation and differential display approaches (Cerosaletti 
et al, 1995; Alpan et al, 1996). With the availability 
of the human genome sequence and sequences for a 
number of other model organisms, traditional methods 
have largely been replaced by gene microarrays 
(Khan et al, 2001). These analyses have been used to 
characterize the molecular basis of a variety of diseases 
including cancer. A comprehensive analysis of a large 
number of cancer cell lines allowed clustering of genes 
into groups based on their expression patterns in 
phenotypically related cell lines (Khan et al, 2001; 
Dan et al, 2002; Rosenwald et al, 2002; van't Veer 
et al, 2002). The results of profiling experiments 
indicated expression of specific gene clusters in cell lines 
that have the same origin or have arisen from the same 
organ (Ross et al, 2000). A complementary approach 
that has been used in limited ways is proteomics. 
Proteomics scores for changes in different proteins 
and peptides in cells with characteristic pheno- 
typic differences. However, a comparative analysis of 
transcripts and proteins to establish a relationship 
between transcript changes and protein levels has not 
yet become routine. j 

Although expression profiling of tumor tissue and its 
<xm*parison with normal tissue, in principle, is most 
appropriate to obtain the genetic signatures of a tumdr 
type, such comparisons have not been free of attendant . 
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complications. These complications arise due to hetero- 
geneity of tumor specimens wherein any cell type- 
specific changes are likely to be masked by other cell 
types that constitute the tumor specimen. For this 
reason, well-characterized cell lines established 
from tumor tissue m_ay prove more informative and 
have been considered useful by cancer researchers. 
Comparing gene profiles between cell lines has the 
potential to reveal genes that could be causative for 
the phenotype and other genes that can serve as tumor 
biomarkers. 

Our investigations are aimed at designating a subset 
of transcripts that could distinguish a normal breast cell 
from a breast cancer cell and help to predict tumorigenic 
or metastatic potential of a transformed cell. We 
describe here transcript and proteomic profiles of a 
normal breast cell line, a tumorigenic but noninvasive 
breast carcinoma cell line and ah invasive^Weasr 
carcinoma cell line, and summarize them as a set of 
candidate biomarkers or targets for therapeutic inter- 
vention. The comparison of transcript profiles with 
proteomic profiles demonstrated that altered proteins 
were not always represented in the microarray desig- 
nated profiles and vice versa. Furthermore, we have 
targeted five transcripts that were upregulated in MCF7 
cells for investigating their role in cell proliferation 
pathways. The proteomic profiles have revealed that 
inhibition of cell proliferation by antisense knockdown 
was mediated by a specific set of proteins. 



Results 

Representational difference analysis 
As described in the Materials and methods section, 
RDA was performed by using cDNAs from MCF7 and 
MDA-MB-231 as tester/driver or driver/tester combina- 
tion. The difference product in the first case represents 
the genes that are either upregulated in or specific to 
MCF7. On the other hand, the difference product of 
MDA-MB-231 (tester) and MCF7 (driver) hybridiza- 
tion resulted in the isolation of cDNAs that are either 
upregulated in or specific to MD A-MB-23 1 . The initial 
linkers used in this protocol had internal Bgffl sites. 
One strand of the linker was used to amplify both the 
tester and driver cDNAs after linkers had been ligated 
to cDNAs. After removal of linkers from amplified 
cDNAs by digestion with Bgltt, a dephosphorylated 
BglTL adaptor was ligated to tester DNA. The BglR 
adaptor had an internal EcoRI site. The difference 
product was digested with EcoRI and cloned in pBlue- 
Script vector. The cloning efficiency of the difference 
product was very low (5 x 10 4 c.f.u./j*g of DNA). The 
low efficiency of cloning is attributed to a substantial 
fraction of amplified DNA product that is refractory to 
restriction digestion. The sequencing of a set of 100 
clones each from the difference libraries revealed 50 
different kinds of clones. The majority of these 
sequences were short fragments and represented either 
3' regions or internal fragments of transcripts. A 
summary of these clones is presented in Table 1. The 
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involvement of the majority of these cDNAs is well 
characterized either in tumorigenesis or in metastasis. 
The phenotypic characteristics of MCF-7 and MDA- 
MB-231 ideally match with the biological significance of 
these genes. The alterations in transcripts for Rho 
signaling proteins, Ca 2+ binding/requiring proteins, 
tight junctions/anchoring junctions/gap junctions, cop- 
per binding or sensitive proteins, and RUNX2 are 
particularly noteworthy. 

The differential expression of a representative number 
of RDA clones was validated by semiquantitative PCR. 
As shown in Figure 1, these transcripts" were * either 
specific to or upregulated in the cell line that was used as 
a tester. Such analyses demonstrated that more than 
90% of the clones were differentially expressed. The 
abundance of transcripts and the results of RT-PCR 
were also confirmed by Northern blotting (Figure 2). 
The~j)attern of hybridiZStlDxi clearly indicates that "ail 
these transcripts showed differential expression in 
MCF7 and MDA-MB-231 cells that were used as 
driver/tester combinations for the RDA. 



Gene microarrays 

After obtaining preliminary molecular signatures of 
MCF7 and MDA-MB-231 cells by RDA, we used 
Affymetrix gene micoarrays to expand the above 
analysis to identify a comprehensive set of transcripts 
that is deregulated in invasive breast carcinoma cells. 
The comparisons of cell lines on the basis of transcripts 
that are either present or absent as shown in Figure 3 
revealed that a set of 123 genes distinguishes MDA-MB- 
231 cells from MCF7 and MCF10A. These genes can be 
classified by their involvement in functional classes such 
as transcription, signal transduction, cell adhesion, cell 
cycle, metabolism, transport, response genes and devel- 
opment (Figure 4). The majority of these genes 
participated in the process of signal transduction 
followed by transcription, <cell adhesion and metabo- 
lism, respectively. A few transcripts in these classes were 
tested by real-time RT-PCR to confirm their altered 
abundance. The selected transcripts showed changes 
ranging between two- and 10-fold, 11- and 20-fold and 
greater than 20-fold, and were in close agreement with 
the results of microarray analysis. The qualitative 
pattern of change observed in microarrays analysis 
was readily reproduced by real-time or semiquantitative 
RT-PCR for all transcripts tested. 

The number of altered transcripts was over 1000 
based on a change of twofold or greater, and a majority 
of these genes show changes varying between two- and 
fourfold (Figure 5). Interestingly, with all comparisons 
combined, there were 21 genes downrcgulated more 
than 50-fold and 55 genes that were upregulated more 
than 18-fold when specific cell line pairs were compared 
(Figure 5). The transcripts that represent the extremes of 
upregulated and downregulated scale can allow distinc- 
tion between MCF7 and MDA-MB-231 cells. These 
transcripts include GPCR11, cadherin 11, annexin 
Ai, vimentin, lactate dehydrogenase B (upregulated 
in "iVfDA-MB-231) and GREB1, S100A8, amyloid 
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Table 1 Differentially expressed transcripts identified by RDA 



Upregulated in MDA-MB-231 



Downregulated in MDA-MB-231 



Extracellular matrix/ mat rix-crosslirtking proteins 
LOX 

Laminin fi \ 
-Collagen VI-al 



Calcium-binding proteins 
Reticulocalbin 1 
S100A8 
Cullin 5 

Transcription factors/promoter-binding proteins 
RUNX2 
c-Jun 
Fra-1 

Cfi//-cc// adhesion/ cell-surface receptor proteins: 

Cdhll - 

CYR61 

MHC class II antigen y chain 
Protease-activated receptor- 1 
Pro tease-activated receptor-4 



ATPase/GTPase and signal transduction proteins 
ATP7a 
Caveolin 2 

AXL receptor tyrosine kinase 
Rho GEF 3 
Rho/Rac GEF 18 
P21-Rac2 

Metalloproteases and MMP inhibitor proteins 
TIMP-2 
MT1-MMP 

Stress-response proteins 
Dual specificity phosphatase (DUSP) 

Cytoskeletal component and binding proteins 
Moesin 
Vimentin 
Filamin B 

Cell-cycle regulation andgrowth/differentiationfapoptosis proteins 
Cyclin Bl 
Cyclin E 
Cyclin A2 
BcI2-like 1 protein 

Secreted proteins and growth factors 
Milk fat globule protein 
TGF-a 

SMAD-specific E3 ub ligase 2 

Miscellaneous 
Prion protein 



Calcium-binding proteins 
Calgranulin B 



Transcription factors/promoter-BuTalng proteins? 
Chromosome 4 ORF 
Estrogen receptor 1 
RUNX2 variant (exon 8 deleted) 

Cell-cell adhesion/cell-surface receptor proteins 
Oa¥din3 ~ 
Amyloid /? precursor protein 
Those phosphate isomerase 
Plakoglobin 
Cdh 1 
Cdh 3 

Annexin A9 

RAR-oe- 

Connexin 31 

ATPase/GTPase and signal transduction proteins 

RhoD 

RhoB 

TGF-p Rl 
Stress-response proteins 

Protein kinase H 1 1 

Cytoskeletal component and binding proteins 
Keratin 18 
Tubulin 6 1 

Microtubule-associated protein x 

Cell-cycle regulation and growth/ differ entiation/apoptosis proteins 
S100A13 
S100C 

Aurora kinase AIK2 
Nucleosidediphosphate kinase 

Secreted proteins and growth factors 

Trefoil factor 3 (TFF3) 

Trefoil factor 1 (TFF1) 

Four and a half LIM domain 1 

Solute carrier family 16 SLC16A6 
DNA replication 

DNA replication complex GINS-PSF2 
Miscellaneous 

Serine protease inhibitor type 1 (SPENT1) 

Human homolog of Xenopus protein XAG 

Hypothetical protein FLJ22222 

Hypothetical protein 20171 
. Hypothetical protein MGC3265 



precursor protein, claudin 3 and cadherin 1 (down- 
regulated in NfDA-MB-231). The distinction between 
MCF7 and MQF10A may be made based on keratin 19, 
serine protease, amyloid p precursor, neuropeptide Y ) 
receptor Yl (upregulated in MCF7) and caldesmon, 
annexin Al, epithelial membrane protein 1, S100A2, 



keratin 15 '(downregulated in MCF7). Likewise, 
MDA-MB-231 cells differ from MCF1 OA in vimentin, 
epithelial membrane protein 3, cadherin 11, GPCR 
116, collagen type XIII a 1, Bcl2-associated athanogene 
2 (upregulated in MDA-MB?-231) and keratin 15, 
cystatin A, cadherin 1, CD24, calcium-activated chlor- 
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ide channel, SI OOP, GPCR 87 (downregulated in 
MDA-MB-231). Thus, a small subset of transcripts 
may serve as an accurate signature of these cell lines. 
Several of these gene products have been shown to 
participate in tumorigenesis and invasiveness of breast 

carcinoma cell lines. . 

The invasiveness phenotype of MD A-MB-23 1 cells 
specifically relates to changes in the following functional 
classes: (a) ceD adhesion molecules, (b) Ca 2+ requiring, 
Ca 2+ binding or Ca 2+ regulatory genes, ^ copper- 
sensitive or copper-transporting.proteins and (d) specific 
regulatory proteins of Rho signaling. Among these 
functional groups, 23 transcripts involved in cell-cell 
or cell-matrix interactions are underexpressed in MDA- 
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MB-231 cells and 21 transcripts were overexpressed in 
this cell line (Table 2). The comparison of Ca 2+ - 
requiring/binding genes indicated downregulation of 
26 transcripts and upregulation of 26 transcripts in 
invasive cells as compared to noninvasive cells (Table 3). 
While Ca 2+ ^homeostasis is extensively investigated in 
human cancers, copper homeostasis is an underexplored 
area. The alterations in copper homeostasis in breast 
carcinoma cells were reflected by changes in trans- 
cripts corresponding to a variety of copper-binding or 
copper-sensitive proteins/enzymes (Tables 1 and 4). The 
deregulation of Rho signaling was evident from changes 
in various proteins involved in this pathway (Table 4). 
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Figure 1 Semiquantitative evaluation of selected transcripts, (a) 
RNA was isolated from confluent culture dishes containing 
MCFiQA (ianes 1 and 4), MCF7 (lanes 2 and 5) or MD A-MB- 
23 1 (lanes 3 and 6) cells. The amount of RNA was first determined 
spcctrophometrically. Equal amounts of RNA, as determined by 
absorbance at 260 run, were amplified with primers specific to actin 
gene for 18 cycles (lanes 1-3) or 20 cycles (lanes 4-6). The lane 
containing size markers is labeled as M. (b) A set of primers 
corresponding to caveolin 2 (lanes 1 and 2), TGF-ot (lanes 3 and 4), 
Moesin (lanes 5 and 6), LOX (lanes 7 and 8), Axl receptor (lanes 9 
and 10), RhoD (lanes 11 and 12), S100A13 (lanes 13 and 14), TFF3 
(lanes 15 and 16) and Claudin 3 (lanes 17 and 18) were amplified 
for 32 cycles. Lanes 1, 3, 5, 7, 9, 12, 14, 16 and 18 represent 
amplified products from MCF7 and lanes 2, 4, 6, 8, 10, 11, 13, 15 
and 17 represent MDA-MB-231 cells. The lanes containing PCR 
products from MDA-MB-231 cells are marked with an asterisk. 
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Figure 2 Analysis of selected transcripts by Northern hybridiza- 
tion. The probes specific to CD74 (a), CYR61 (b) f SPINT1 <c) and 
DUSP (d) were labeled with a "P nucleotide and hybridized to 
blots containing RNA from MCF10A (lane 1), MCF7 (lane 2) 
and MDA-MB-231 (lane 3). The blots were washed stringently and 
developed as described. The amounts of RNA loaded were 
normalized as in Figure 1. 



1000 




900 




800 




700 




600 




500 




400 




300 




200 




100 




0 


4 



Present/Absent Calls 



M 



il 
It 



£&-:•>> 

m 

m 



m 







Present 
in 

Absent in 



MCF10A 


MCF7 ' 


MCFIOA 


MDA- 
MB-231 


MCF7 


MDA- 
MB-231 


MDA- 
MB-231 


MCFIOA 
&MCF7 


MCF7 


MCF7 


MCF10A 


MDA- 
MB-231 


MCFIOA 


MDA- 
MB-231 

* 


MCF7 ' 


MCFIOA 
& MCF7 


MDA- " 
MB-231 


MCFIOA 
&MDA- 
MB23I 



MCFIOA 
& MDA- 
MB231 

MCF7 



Figure 3 Comparison of cell lines based on the presence or absence of transcripts. The absence or presence of a transcript in the 
Asymetrix chip was scored by the fluorescence read-out as described in the Materials arid methods section. 
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Functional classes of transcripts that differentiate a cell line pair. The transcripts identified as present or absent 
based on their functional importance. 
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Figure 5 Distribution of altered number of transcripts as a 
function of fold change. The altered transcripts were categorized in 
groups based on the magnitude of change in their abundance. 



Proteome analysis 

To identify altered abundance of proteins and relate it to 
transcript profiles, we characterized the protein profiles 
of MCF-10A, MCF-7 and MDA-MB-231 cells. Typi- 
cally, > 300 protein spots could be visualized in silver- 
stained gels, and there were far fewer protein spots in 
gels, that were stained with Coomassie blue. The 
comparison of MCF7 or MDA-MB-231 proteins with 
MCF-10A revealed that MCF-7 had ll unique protein 
spots, while MDA-MB-231 had 15 spots that were not 
seen in MCF-10A. These proteins were either specific to 
or 'upregulated in these cell lines. The identity of these 
proteins is shown in Table 5. Out of these 26 protein 
spots, only 25 yielded amino-acid sequence. As shown in 
the table, the list includes proteins involved in stress 



Table 2 Cell adhesion molecules altered in breast carcinoma cells 
Upregulated in MDA-MB-231 Downregulated in MDA-MB-231 



Cadherin 4 


Claudin3 


Cadherin 11 


Cadherin- 1 


Catenin 


Cadherin- 3 


Integrin a 6 


Cadherin- 18 


Transmembrane anchor protein 


Cadherin, LAG seven pass receptor 


Eph B2 


Down syndrome cell adhesion 


Dystonm 


Catenin-^2 


Laminin fi 1 


Eph A4 


Lam in 


Ephrin A4 


Filamin B 


Annexin A9 


Filamin C 


Ankyrin 3 


Tailin 1 


Sarcoglycan 


Butyrophilin 


Keratin 8 


Spectrin-oc 


MAP-7 


Spectrin-/? 


MAP-t 


Thrombospondin 


Plakoglobin 


Plastin 3 


Plakophilin 


Adducin 3 y 


Discoidin domain receptor 


Lamin B receptor 


Zona occludens 3 


Laminin p 2 


Periplakin 


Lamin A/C 


Protocadherin a 9 


Laminin y 2 




Laminin a 3 



response, protein-tagging activities, calcium-binding and 
calcium homeostasis proteins and some regulatory 
proteins. Prominent among these changes were proteins 
involved in calcium homeostasis such as crocalbin, 
calreticuiin, -calcyclin and reticulocalbin. The changes in 
signaling pathways between the two cell lines were 
indicated by altered levels of Rho GDP dissociation 
inhibitor 1, an apoptosis/differentiation regula- 
ting protein galectin, Myc expression regulator far 
upstream binding protein- 1 and the microtubule reg- 
ulator protein tstathmin. The translation initiation 
factors 5A and 4H were also selectively upregulated in 
MDA-MB-231 cells. 
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Table 3 Calcium binding or sensitive transcripts 
Upregutated in MDA-MB-231 Downregulated in MDA-MB-231 



Reticulocaibin 
Dystonin 
Follistatin like 1 

Cullin -~ 
Annexin AS 
EF hand domain containing-2 
Hippocaicin like-2 
LDLR 

Steroid sulfatase 

MT-actin crosslinking factor 

Inositol- 1,4,5- triphosphate 

receptor 3 

Sorbin 

Guanine nucleotide-binding 

protein-? 

GAS6 

SWP-70 protein 
Jagged \ x 
EGF-containing fibrulin-like 
ECM 

Transglutaminase 2 

Thrombin receptor-like 1 

Plastin 3 

FYN oncogene 

PKChx 

Caimegin 

Caipain 

HEG homolog 

Cyr61 



S100A8 
S100A7 
S100A13 

Tumor associated-Ca 2 * 

signal transducer 
Notch homolog 3 
PKD2 

Adenylate cyclase 
Fhospholipase-C 
Chemokine ligand 12 
Ubquitin-specific protease 
PKC->; 

Ret-protooncogene 

Signal pep tide- CUB domain 

Mannosidase a 

Bradykinin receptor B2 

Solute carrier family 24 

Ca ? * channel voltage-depend? *»* 

Regulator of G protein signaling 17 

Dystrobevin-a 

Synaptogamin 1 

Matrix gla protein 

EF hand domain family member Dl 

PK-cyclic AMP dependent 

ATPase-Ca 2 * transporting 

Calmodulin 1 

CaM kinase 



Table 4 Altered transcripts involved in copper homeostasis and Rho 

signaling 



Copper-binding proteins 



Rho signaling proteins 



LOX 

LOX-l,LOX-2 
SCO cyt oxidase-deficient 
homolog 2 
COX 17homolog 
Metallothionein IE, IF and 2a 
Ring ringer protein7 
Amiloride-binding protein 1 
Neurotrypsin/motopsin 



Rho3 

Rho/Rac GEF 18 
Rho GEF 12 

Ras related C3 botulinum toxin 
substrate 2 

Cdc 42 effector protein 3 
Rho GEF 3 

Rho GDP dissociation inhibitor 
RhoD 



Changes in proliferation characteristics and protein 
profiles in response to transfection with antisense 
constructs of selected transcripts 

We had observed significant upregulation of transcripts 
for DNA replication complex protein GINS PSF2, 
trefoil factor 3, aurora kinase AIK2, protein kinase HI 1 
and secreted protein XAG in MCF7 cells. We reasoned 
that antisense knockdown of the above genes in MCF7 
cells might indicate pathways involved in tumorigenesis 
and invasiveness. 

MCF7 cells were transfected with empty vector 
pCDNA3.1 or antisense constructs of the above genes. 
A semiquantitative amplification of pCDNA marker 
gene by RT-PCR confirmed the presence of the 
transfected construct in a significant proportion of the 
cell population. The transfected cells also showed a 
decrease in the target transcripts as observed by RT- 



Table 5 Proteomic profiles of MCF7 and MDA-MB-231 cells as 

compared to MCF10A cells 



MCF7 cells 



MDA-MB-231 cells 



Cell-cell adhesionj cell-surface 
receptor proteins 
„Triose^phosphate isomerase. 

Stress-response proteins 
Hsp27 

Superoxide dismutase 
Peroxiredoxin 2 



Cytoskeletal component/binding 
proteins 
Stathmin 

Cell-cycle regulation and growth/ 
differentiation! apopio sis proteins 
- NitcV-oMfJe diphosphate kinase A 
S100C 

Secreted proteins and growth factors 
Macrophage migration inhibitory 
protein 

Miscellaneous 
Cyt c oxidase VIb 
Peptidyl-prolyl cis-trans isomerase 
Ubiquitin 



Calcium-binding proteins 

Calcyclin 
_ Caireticulin 

Crocalbin 

Reticulocaibin 

Transcription Factors/ 
Promoter-binding proteins 

Far upstream element 

binding protein- 1 

Fax upstream element 

binding protein-2 

Cell-cell adhesion /cell-surface 
receptor proteins 
Galectin 

ATPase/GTPase/signal trans- 
duction/ trafficing proteins 

Rho GDP dissociation 

inhibitor 1 

Stress-response proteins 
Hsp 70 

Peroxiredoxin 2 

Cytoskeletal component/ 
binding proteins 
Stathmin 

Miscellaneous 
Heterogeneous nuclear 
ribonucleo protein H 
eIF4H (translation) 
elF5A (translation) 



PCR. The effects of antisense transfections were scored 
by growth characteristics of the transfectants. The cell 
proliferation was reduced between 15 and 40% when 
antisense transfectants were compared to cells trans- 
fected with empty vector. 

In order to relate decreased proliferation of transfec- 
tants to altered proteins, proteomic profiles of transfec- 
tants were compared with vector controls. The 
comparison of protein profiles of cells transfected with 
empty vector or antisense construct revealed alterations 
in several proteins for each transfectant (Table 6). These 
proteins included stress-response proteins, calcium- 
regulating proteins, translation factors, ubiquitin, pro- 
teins of electron transport chain and oxidative phos- 
phorylation, signaling proteins, cytokeratins, actin and 
actin regulating proteins and general regulatory factors. 
The number of altered proteins varied between 5 and 15 
for various transfections. Peptidyl prolyl cis-trans 
isomerase, calcium-regulating proteins, SOD, galectin, 
histidine triad protein and PKC substrate were promi- 
nent among altered proteins. We performed database 
searches to identify interactors for all proteins that were 
altered in transfected cells and identified nearly ' 350 
proteins (data not shown). A significant number of these 
interacting proteins are involved in transcriptional 
regulation. » 
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Table 6 Altered proteins in MCF7 cells alter antisense knockdown of specific transcripts 



After transfection with as-trefoil factor 3(TFF3) 



After transfection with as-protein kinase Hll 



Calcium-binding proteins 

Calmodulin 
Cell-cell adhesion/cell-surface receptor proteins 

Retinoic acid-binding pro tein-II- — 

ATPase-GTPase/signal transduction/ trafficing proteins 

Raf kinase inhibitor 
Stress-response proteins 

Hsp27 

Peroxiredoxin 1 

Cytoskeletal component /binding proteins. _ . . . 

Cofilin-nonmuscle isofonn 
Cell-cycle regulation and growth/differentiation/apoptosis proteins 

Chromobox protein homolog 1 

Chromobox protein homolog 3 

Translationally controlled tumor protein 
Miscellaneous 

40S ribosomal protein S12 

ATP synthase D chain — -■ - • 

Cancer-associated Sm-like protein 

Cyt c oxidase polypeptide Va 

eIF5A (translation) 

Ferritin heavy chain 

His triad nucleotide-binding protein 

Histone H2B.n 

Peptidyl-prolyl isomerase 

Proteosome subunit /?-type 6 

RNA-binding protein 8A 

Thioredoxin 

Ubiquitin crossreactive protein 

After transfection with as-aurora kinase AIK2 

Calcium-binding proteins 

Calgranulin B 

Calgranulin A 
Stress-response proteins 

Hsp27 

Superoxide dismutase 
Miscellaneous 
60S acidic ribosomal protein P2 
Peptidyl-prolyl isomerase 
Ubiquitin-crossreactive protein 



Cell-cell adhesion) cell-surface receptor proteins 
Galectin 

Retinoic acid-binding protein II 
-ATZase-jGT.P.aselsigngl^transfatf^ 

PKC substrate 
Stress-response proteins 

Hsp27 

Cytoskeletal component /binding proteins 

Actin-o, skeletal muscle 

Cytokeratin 18 
Miscellaneous 

30H-acyl CoA dehydrogenase II 

ATP synthase A chain 

Cyt c oxidase peptide Ya 

Enhancer of rudimentary homolog 

Thioredoxin 

Ubiquinol-cyt C reductase 

No matoU— . - . — - • - 

After transfection with as-DNA replication complex GINS PSF2 
Calcium Binding proteins: 
Calreticulin 

A TPase-GTPase/ signal transduction/trafficing proteins 

14-3-3 if 

PKC substrate 
Cytoskeletal component/binding proteins: 

Cytokeratin 1 

Cytokeratin 18 

Cell-cycle regulation and <fc growth/ differentiation/ apoptosis proteins 

Chromobox protein homolog 1 

Chromobox protein homolog 3 

MAP/MT affinity regulator 
Miscellaneous 

ATP synthase D chain 

Peptidyl-prolyl isomerase 

Ubiquinol-cyt c reductase 

After transfection with as-human homolog ofXAG 
Calcium-binding proteins 

Calreticulin 
Stress-response proteins 

Hsp27 
Miscellaneous 

ATP synthase A chain 

Peptidyl-prolyl isomerase 

Ubiquitin crossreactive protein 

No match 



Discussion 

The results presented here validate the gene profiles 

obtained from different expression platforms ranging 

from subtractive hybridization to gene microarrays and 

proteomic analysis. The RDA protocol is powerful 

enough to yield important genes that show significant 

alterations in their expression between cell lines, and can 

lead to isolation of full-length cDNAs by using 

appropriate modifications (Baskaran et aL, 1996; Jacob 

et aL, 1997). The detection of RUNX2, variant of 

RUNX2, EphB6, prion protein, lysyl oxidase and a 

k copper transporter ATP7A transcripts by RDA warrant 

" specific mention. RUNX transcription factors bind 

specific motifs on target gene promoters and regulate 

gene expression leading to cell growth, proliferation and 
? 
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differentiation (Pratap et a L, 2003). RUNX2 and its 
variant have differential repression activity toward the 
promoter of the cyclin-dependent kinase inhibitor 
(p21 CIP1) (Westendorf et aL, 2002). The loss of EphB6 
expression due to methylation of its promoter is related 
to invasiveness of MDA-MB-231 (Fox and Kandpal, 
2004; unpublished observations). Lysyl oxidase, a 
copper-sensitive enzyme, causes oxidative deamination 
of lysine and hydroxy lysines of collagen to aldehyde 
forms to stabilize dollagen fibrils <Siegel, 1976) that are 
found in invasive breast carcinoma cells (Akiri et aL, 

2003) . The activation of LOX is dependent on Qopper 
that is internalized and then transported to trans golgi 
network by copper transporter ATP7A (Pase et iaL, 

2004) , a protein mutated in Menkes disease (Molfer 
et aL, 2005). Prion protein has also been repbrted as a. 
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chaperone for copper (Jones et al, 2004). Thus, EphB6 
can serve as a marker for invasiveness, and LOX and 
ATP7A may be exploited as relevant targets for 
therapeutic intervention. 

The downregulation of junctional proteins along with 
inactivation of TlMPs as shown here is in agreement 
with other reports describing their relationship with 
invasiveness of carcinoma cells (Johnson, 1991; Kousi- 
dou et al, 2004; Shao et al, 2005) and promoter 
methylation (Costa et al, 2004). As several transcripts 
coding for junctional proteins are downregulated in 
invasive cells, we postulate that methylation-specific 
PCR can be exploited to use these transcripts as 
biomarkers of tumor cells in general and invasiveness 
in particular. The changes in cell-cell interaction 
correlate to cell pheno types because such interactions 
influence Rho/Ras. signal transduction pathways ~and 
vice versa (Malliri and Collard, 2003; Nagaraja and 
Kandpal, 2004; Ridley, 2004), and lend credence to the 
significance of altered transcripts for Rho and Rho 
GEFs as presented here. 

Early changes in calcium homeostasis as measured by 
calcium excretion have been reported in breast cancer 
(Campbell et al, 1983), and altered calcium signaling has 
been shown in invasive lung carcinoma cells (Amuthan 
et al, 2002). Prominent among calcium-binding proteins 
are S-100 protein, a group of intracellular messengers 
that respond to transient changes in calcium concentra- 
tion by binding to specific receptors (Marenholz et 'al., 
2004) and regulate cell growth, differentiation and 
motility, transcription and cell cycle. The S-100 proteins 
detected in the present study map to chromosome lq21, 
a region of genome that is frequently altered in human 
breast cancer cells (Bieche et al, 1995). Calcium ions act 
as a second messenger in specific signaling pathways in a 
variety of cancers (Missiaen et al, 2000) and are known 
to alter calcineurin to activate transcription factors such 
as NFATc (Luo et al, 1996). 

As dictated by post-transcriptional regulation, protein 
profiles showed far fewer changes as compared to 
transcript profiles, and the knockdown of five selected 
genes in MCF7 cells produced interesting changes in 
protein profiles. These genes, namely, XAG (secretory 
Xenopus laevis protein), trefoil factors 3, human aurora2 
kinase AIK2, protein kinase HI 1 and DNA replication 
complex GINS PSF2, have been shown to be estrogen 
responsive, oncogenic or involved in tumorigenesis (Yu 
et al, 2001; Fletcher et al, 2003; Katoh, 2003; Warner 
et al, 2003; Takayama et al, 2003). The antisense 
constructs of these genes appeared to work as siRNAs 
as suggested by the reduction in the transcript detected 
in RT-PCR of RNA isolated from the transfected cells. 
The involvement of the above transcripts in invasive 
potential is apparent from the observed upregulation of 
calcium-binding proteins in transfected MCF7 cells, 
which is comparable to their levels in MDA-MB-231 
cells. The proteins that appear to mediate inhibition of 
proliferation in antisense-transfected cells include PKC 
substrate, Raf kinase inhibitor, histidine triad nucleo- 
tide-binding protein and peptidy-prolyl isomerase 
{Pinl). We believe histidine triad protein effects are 



most likely mediated via its interaction with ATM 
protein. Raf kinase inhibitor (Keller et al } 2004) and 
ATM (Hall, 2005) have been conclusively linked to 
transformation of cells, and the activity of Pin 1 has been 
related to p53-mediated signaling pathways (Mantovani 
et al, 2004; Berger^ef al, 2005). In this context, p53 
activation has also "been hypothesized by" Xu-SOD 
prion-like enzyme (Wiseman, 2005). Thus, alterations 
in copper homeostasis and p53-mediated signaling may 
be considered as a significant regulatory mechanism in 
tumorigenesis. 

In summary, we have presented here a set of 
candidate genes that can serve as biomarkers for 
tumorigenesis and invasiveness, and some of these 
markers may be used to develop DNArbased diagnostic 
tests. The alterations in transcripts for copper home- 
ostasis genes suggest copper chelation or inhibition of 
copper transporter ATP7A as potential targets for 
therapeutic application. The modulation of RUNX2 
splicing variants by chemicals that affect splicing 
machinery may also be explored as a therapeutic 
modality. The changes in EphB6 expression, if con- 
firmed in tumor specimens, may have prognostic 
significance. 



Materials and methods ; 

Breast cancer cell lines 

We used MCF-10A, a cell line established[from normal breast, 
and two breast carcinoma cell lines MCF-7 and MDA-MB- 
231 that vary in their in vitro and in vivo invasiveness. All cells 
were cultured at 37°C/7% C0 2 . MCF-10A cells were grown in 
1:1 DMEM:F12 media (Gibco) with 5% horse serum (Gibco), 
20 mM HEPES, lOng/ml EGF (Invitrogen), 10 ml/1 PenStrep- 
Glutamine (lOOOOU/ml penicillin, 10000jig/ml streptomycin 
and 29.2mg/ml L-glutamine), 10/ig/ml insulin (Invitrogen), 
0.1/ig/ml Cholera Toxin (Sigma) and 500ng/ml hydrocorti- 
sone (Sigma). MCF-7 and MDA-MB-231 cells were grown in 
DMEM (Gibco) supplemented with 2mM L-glutamine (Gib- 
co), 1 mM sodium pyruvate (Gibco), 5 ml/1 penstrep (5000 U/ 
ml penicillin and 5000 fig/ml streptomycin), and 10% fetal 
bovine serum (Hyclone). 

Total RNA isolation 

RNA was isolated from 85 to 95% confluent 10 cm tissue 
culture dishes using TRI reagent (Molecular Research Center 
Inc.) with slight modifications to the recommended protocol. 
Approximately 10 million cells were mixed with 1.0 ml Tri 
Reagent, the mixture was extracted with chloroform and the 
aqueous phase containing RNA was separated. The RNA was 
precipitated with isopropanol, the pellet washed sequentially 
with 80 and 100% ethanoi, then dried and resuspended in 
DEPC-treated water. RNA was stored in aliquots at — 70°C. 
The quality of RNA was visualized by running on a 
formaldehyde gel. The appearance of ribosomal RNA bands 
indicated that RNA was not degraded during the procedure. 
The amount of RNA was determined by its absorbance at 
260 nm. * 

BffAase treatment of total RNA 

To remove DNA contamination, 20 /xg of RNA ^(quantified 
specirophotometrically) was treated with 500 ng DNAase I, 
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80 U RNasin (Promega) and 1 mM MgCl 2 in Tris buffer in a 
total volume of 50 /d. The reaction was carried out at 37°C for 
1 h and the DNAase inactivated by heating to 65°C for 30 min. 

Representational difference analysis ( RDA ) 
RDA of cDNAs is a modification of genomic RDA .(Lisitsyn 
et al, 1993). We performed RDA in me following two ways. Iii 
one experiment, MCF-7 cDNA was used as a driver and 
MDA-MB-231 cDNA as a tester. In the second experiment, 
MCF-7 cDNA was used as a tester and MDA-MB-231 cDNA 
as a driver. The protocol has been describer previously (Jacob 
et al.j 1997). Briefly, first-strand synthesis was carried out using 
a commercial cDNA synthesis kit as per the manufacturer's 
protocol. A linker with a Bgttl site was llgated to the tester as 
well as the driver cDNA. A primer specific to one of the linker 
strands was used to PCR amplify the linker-ligated cDNAs. 
The linkers were then removed by digesting the cDNA with 
BglU and the digested cDNA was gel purified. A second set of 
. unphosphorylated J^/IL.adspters was ligated to the tester. . 
cDNA only. The tester and driver DNAs were hybridized in a 
5 /il reaction volume at a ratio of 1 :40. After hybridization, the 
ends of the tester homoduplexes were repaired with Klenow 
polymerase and 1 jd of the reaction mixture was diluted to 
lOOjd. The difference product was obtained by amplifying 1 /tl 
of the diluted mixture using the top strand of the ligated 
adaptor as a primer. The amplified difference product was 
digested with EcoBI and cloned in a pBlueScript vector. 
Individual clones were picked up and sequenced by Sanger* s 
dideoxy chain termination method. Representative clones were 
validated by Northern analysis and semiquantitaive RT-PCR. 

Microarray analysts 

The GeneChips, Human Genome U133A 2.0, (Affymetrix, 
Santa Clara, CA, USA) used in this study contained 
approximately 22000 probe sets corresponding to 18400 
transcripts and variants, including 14500 well-characterized 
human genes. 

Total RNA was converted into double-stranded cDNA by 
using Superscript II (Invitrogen, Carlsbad, CA, USA) and an 
oligo-dT primer containing a heel of the T7 RNA polymerase 
promoter sequence. The reaction mixture containing double- 
stranded cDNA was extracted with phenol-chloroform, 
precipitated with ethanol, and dissolved in \2fA RNase-free 
water. The cDNA was transcribed in vitro by using a RNA 
transcription labeling kit (Enzo Biochem, Famingdale, NY, 
USA) with 6jd of double-stranded cDNA in the presence of 
ATP, CTP, GTP, UTP, bio-ll-CTP and bio-16-UTP. The 
biotinylated RNA was purified by using an affinity column 
(Qiagen, Valencia, CA, USA) and fragmented randomly, ^y 
heating to 95°C in the presence of fragmentation buffet, . 
between sizes of 35 and 200 bases. The GeneChips wefe , 
hybridized overnight at 45°C in hybridization oven in a. 
solution containing fragmented cRNA, control oligonucleo- / 
tide B2, 20 x eucaryotic hybridization controls, herring sperm 
DNA, acetylated BSA and 2 x hybridization buffer. The 
GeneChips were washed and stained with streptavidin- 
phycoerythrin and the antibody in 2 x MES stain buffer, 
acetylated BSA, and optically read at a resolution of 6 with 
a Affymetrix GeneChip scanner 3000. Affymetrix MICRO- 
ARRAY SUITE 3 was used for initial data preparation 
{generation of .CHP files). Normalization (quantile method) 
and calculation *of signal intensities was performed with the 
software package RMA from the R project {http://www.r- 
project.org/). For every cell line, three replicates were * 
performed with Affymetrix Gene Chips. The Gene Chip data 
were use<j for further calculations after the raw image and 



MAS5 analysis revealed a positive quality report. Ratios of 
average signal intensity (log 2) were calculated for the probe 
sets between pairs of cell lines and then converted to an 
average fold change (AFC). Statistical validation was per- 
formed on probe sets as described (Yoshida et a/., 2004). The 
statistical method used to assign P-values to the fold changes 
of gene responses is described by Yoshida et_aL (2004) and is a 
two-step procedure based on the Benjamini and Yekutieli 
construction of false discovery rate confidence intervals 
(FDRCI) (Reiner et al. t 2003). Functional annotation of 
proteins was assigned through Gene Ontology (http://www. 
geneontology.org) or Locuslink (http://www.ncbi.nlmnih.gov/ 
LocusLink) classifications obtained through appropriate pub- 
lic databases. 

Quantitative RT-PCR ; 
RNA was reverse transcribed with Superscript II (Invitrogen, 
Carlsabad, CA, USA) RT by priming with oligodT. The 
primers specific to validated genes were synthesized from the V 
untranslated region using Primer 3 software. PCR reactions 
were then performed in triplicates in an I-cycler Thermocycler 
with optical module (BioRad, Hercules, CA, USA). The 
amplified products were quantified by reading fluorescence of 
SybrGreen I (Molecular Probes, Eugene, OR, USA). Average 
fold changes were calculated by differences in threshold cycles 
(Ct) between pairs of samples to be compared. HPRT gene was 
used as a control. 

Semiquantitative RT-PCR 

The spectrophotometrically determined concentration of RNA 
was confirmed by amplifying actin message at different cycles. 
The cycling conditions that yielded proportional increment of 
amplified product was used to normalize the RNA concentra- 
tion. The normalized RNA was used as template to determine 
relative abundance of transcripts corresponding to clones 
identified by RDA experiments. The conditions were standar- 
dized in the range of cycles that yielded a PCR product for at 
least one of the pairs of compared RNAs. Such experiments 
dictated cycles between 30 and 35 to be appropriate to 
compare abundance of selected transcripts in MCF7 and 
MDA-MB-231 cells. 

Northern analysis 

The expression pattern of selected transcripts in cell lines was 
also analysed in Northern blots. RNA (20 /xm), as determined 
by spectrophotometer and confirmed by actin amplification, 
was electrophoresed on a formaldehyde agarose gel. A RNA 
ladder was used as a size marker. The RNAs were transferred 
from the gel to a Hybond nylon membrane by capillary 
transfer. The RNA was fixed onto the membrane by 
irradiation in a Stratalinker. The blot was hybridized at 65°C 
for 12-15 h with a radioactive probe and the blot was 
subsequently washed with 0.1 x SSC and 1% SDS at 65°C. 
The hybridized probe was detected by autoradiography. 

Transfection of MCF-7 cells with antisense constructs 
The genes selected on the basis of their upregulation were 
cloned in antisense orientation in pCDNA3.1 vector (Inviro- 
gen). MCF-7 cells were grown to 70-80% confluence. 
Approximately 4/xg of DNA was transfected into MCF-7 
cells by using Lipofectamine 2000. The transfected cells were 
grown in the presence of G418 (400/tg/ml). The transfectants 
were processed for protein isolation. A control set of cells was 
transfected with an empty pcD^IA3;l. The proteins were 
analysed by two-dimensional electrophoresis, and altered, 
bands were excised for mass spectrometry. 
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Protein isolation 

The cultured cells were harvested by trypsinization and 
centrifuged at 220 g for 5min at 4°C. The cell pellet was 
washed once with ice-cold 1 x PBS. The proteins were isolated 
by using a commercial kit (BioRad, Hercules, CA, USA). 
Briefly, pelleted cells (0.05 ml) were mixed with 0.5 ml ice-cold 
CPEB solution containing protease inhibitors cocktail 
(Roche), vortexed and stored on ice for 30min. The cell 
suspension was passed through a syringe needle (20 gauge) for 
10-20 strokes to ensure complete cell lysis. The cytoplasmic 
protein fraction was collected by centrifugation at 100 £ for 
lOmin at 4°C. The nuclear pellet was washed once again with 
0.5 ml CPEB solution. The nuclear pellet was resuspended in 
0.75 ml PSB buffer, vortexed briefly and centrifuged at 1000 g 
for lOmin at 4°C, and the supernatant containing nuclear 
protein was collected into a new tube. The samples were 
quantified using 2D Quant kit (Amersham Biosciences), 
aiiquoted and stored at -80°C to prevent protein degradation. 
To reduce streaking, background staining and the other gel 
"arTefacts associated with substances contaminating 2D/IEF 
samples, the samples were cleaned with 2D Clean up kit (Bio 
Rad, Hercules, CA, USA) before running on the gel. 

Two-dimensional gel electrophoresis 

The protein mixtures were separated based on isoelectric 
points by using commercial pre-cast pH gradient gel strips 
according to the manufacturer's instructions. The protein 
sample (175 fig) in 185/d of sample buffer (8M urea, 2% 
CHAPS, 0.2% biolytes, 3/10 ampholytes, 65 mM DTT and 
0.002% bromophenol blue) was loaded in the sample loading 
trays at the end of 1 1 cm immobilized rehydrated strips (pH 3- 
10) (Bio Rad, Hercules, CA, USA). Following isoelectric 
focusing, proteins were reduced and alkylated by successive 
15 min treatments with equilibration buffer (6 m urea, 0.375 M 
Tris-HQ pH 8.8, 2% SDS, 20% glycerol, 2% DTT) and 2J% 
(W/V) iodoacetamide, respectively. Proteins were then re- 
solved in the second dimension on 8-16% gradient SDS- 
PAGE gel (Bio Rad, Hercules, CA, USA). The protein spots 
were visualized by staining with either silver stain or 



Coomassie blue stain. The gel images were compared and 
bands showing significant (greater than twofold) alterations in 
intensity were excised and processed for mass spectrometry. 
Comparisons were made between protein lysates from MCF- 
10A, MCF-7 and MDA-MB-231 cell lines or between MCF-7 
and MCF-7 cells transfected with specific antisense constructs. 

Protein identification by enzymatic digestion followed by mass 
spectrometry 

Prior to performing trypsin digestion, the gel pieces containing 
protein spots were washed sequentially once with water and 
twice with acetonitrile. Hie gel pieces were then allowed to 
swell in lOOmM ammonium bicarbonate and finally washed 
with acetonitrile. The washed slices were dried in a Speed Vac 
concentrator, and subsequently incubated with 20 /d of 
Promega's autocatalysis-resistant trypsin (12.5ng//xl in 50 mW 
ammonium bicarbonate and 5 mM CaQ 2 , pH 8.0) overnight at 
37°C. The supernatant (5 /d) from tryptic digest was injected 
for peptide, sequMv** analysis using -on-line capiM^-licpud 
chromatography-electrospray ionization-tandem mass spectro- 
metry (LC-MS/MS). The front end HPLC utilized a Dionex 
(San Francisco, CA, USA) Vydac 300 /an inner diameter 
x 15mm C18 column. The linear acetonitrile gradient (3%/ 
min, containing 0.02% TFA) was developed using a Hewlett- 
Packard 1 100 pump operating at 0.1 ml/min, and the flow was 
split before the injector such that the flow rate through the 
column was 3 jd/min. Peptides were detected at 215nM. The in- 
line mass spectrometer was a ThermoElectron LCQ-DECA 
instrument operated in data-dependent MS/MS mode, and 
proteins were identified by searching a nonredundant protein 
database using the Sequest program. 
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Identification of androgen-regulated genes in the 
prostate cancer cell line LNCaP by serial analysis 
of gene expression and proteomic analysis 

A common therapy for nonorgan-conftned prostate cancer involves androgen depriva- 
tionrTo develop a better understanding of the effect of androgen on prostatic cells, we 
have analyzed gene expression changes induced by dihydrotestosterohe (DHT) in the 
androgen responsive prostate cancer line LNCaP, at both RNA and protein levels. 
Changes at the RNA level induced by DHT were determined by means of serial analysis 
of gene expression <SAGE), and protein profiling was done by means of quantitative 
two-dimensional polyacrylamide gel electrophoresis. Among 123371 transcripts anal- 
yzed, a total of 28844 distinct SAGE tags were identified representing 16570 genes. 
Some 351 genes were significantly affected by DHT treatment at the RNA level 
ip < 0.05), of which 147 were induced and 204 repressed by androgen. In two indepen- 
dent experiments, the integrated intensity of 32 protein spots increased and 12 
decreased at least two-fold in response to androgen, out of a total of 1031 protein 
spots analyzed. The change in intensity for most of the affected proteins identified* 
could not be predicted based on the level of their corresponding RNA. Our study pro- 
vides a global assessment of genes regulated by DHT and suggests a need for profiling 
at both RNA and protein levels for a comprehensive evaluation of patterns of gene 
expression. 
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1 Introduction 

Androgens affect numerous aspects of prostate biology 
including development, growth, and maintenance. They 
also play a critical role In tumorigenesis and progression 
of prostate cancer. Androgen deprivation is an estab- 
lished treatment modality for prostate cancer. However, 
the disease eventually progresses into a hormone refrac- 
tory cancer. Several mechanisms have been identified 
which may contribute to androgen independence: (1) 
Mutations in the androgen receptor (AR) lead to ligand- 
independent activation or. promiscuity of the receptor 
[1, 2]. The ability of the receptor to activate or repress 
downstream genes can also be affected by mutation. AR 
mutation is associated with advanced phases of prostate 
cancer [3, 4]; (2) AR can be activated in a ligand-indepen- 
dent manner by specific growth factors and cytokines [5]; 
(3) AR gene amplification has been found to occur in 
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28-30% of tumors that recurred post androgen-ablation 
therapy [6, 7]. Wallen et a/. [8] have recently shown that 
one-third of locally recurrent hormone refractory prostate 
cancer contain AR gene amplification; (4) Coactivator 
amplification and co repressor down-regulation have 
been shown to increase receptor transactivation [9, 10). 
Regardless of which pathways) is taken by the tumor 
cells, androgen-regulated genes may ultimately be the 
key players in the development of hormone refractory 
cancer. As a step towards a better understanding of the 
effect of androgen on gene expression, we have under- 
taken a comprehensive assessment of gene expression 
changes induced by dlhydrotestosterone (DHT) in the 
androgen responsive prostate cancer cell line LNCaP. An 
important feature of our study is the parallel assessment 
of expression changes at both RNA and protein levels. 



2 Materials and methods 

2.1 Prostate cell line and DHT treatment 

LNCaP human prostatecancerceil line (American Type Cul- 
ture Collection, Rockville, MD, USA) was cultured for 3 d in 
phenol-free RPM1 1640 supplemented with 5% charcoal- 
stripped fetal bovine serum (FBS) at 37°C. Half of the cul- 
tures were then treated with 10" 9 m DHT for24 h. Total RNA 
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and protein were extracted from untreated and DHT treated 
cells using TRIzol (Invitrogen, Carlsbad, CA, USA) reagent 
for RIMA and a solubilization cocktail for proteins, consisting 
of 9 m urea, p-mercaptoethanol and 1 % NP-40. For kinetics 
experiments 1 x 10 6 cells were plated in phenol-free RPMI 
medium with 5% charcoal-stripped FBS. On day three, 
cells were treated with .5 mL of media containing 1 0 -9 m 
DHT and total RNA was extracted at different time points 
from 0-96 h.To determinethe direct/indirect effect of andro- 
gen on R NA levels, cells were plated as above and treated 
with 5 ng/mL of cyclohexamide in the presence or absence 
of 1 (Hm DHT for 24 h and total RNA was extracted. 

2.2 Serial analysis of gene expression 

Serial analysis of gene expression (SAGE) was performed 
as described previously [1 1] with the following modifi- 
cations: ditags were PCR amplified using biotinyiated pri- 
mers and digested with Malll enzyme [12]. Concatemers 
were heated for 15 min at 65°C and chilled on ice for 
10 min before separation on an 8% polyacrylamide gel 
[13]. The concatemers were then cloned into the Sphl 
site of the pZero vector (Invitrogen); Concatenated tags 
were screened by PCR using M13 forward and M13 
J>, reverse primers. PCR products with inserts greater than 
1 500 bp were isolated and sequenced with M13 forward 
primer on an automated 3700 DNA sequencer (Perkin- 
Elmer, Norwalk, CT, USA). For mlcroSAGE, 1 jig of total 
RNA per tube was used for cDNA synthesis in two tubes, 
with the mRNA Capture Kit (Boehringer Mannheim, 
Indianapolis, IN, USA. cDNAs were cleaved with Mall!, 
ligated to linkers and then digested with Bsm Fl enzyme. 
The released tags were ligated, and processed for the 
rest of steps as with the standard SAGE protocol. 

2.3 SAGE data analysis 

SAGE tags were extracted using the SAGE software 
V 4.12 [11]. Tags were matched to the SAGE reliable 
map (release 10-26-^000) (http://www.ncbj.nlm.nih.gov/ 
SAGE/). Due to the fact that some tags map to multiple 
genes and some genes have multiple tags, SAGE data 
were analyzed in two different ways: (1) exclusion 
method: tags that match to multiple genes were dis- 
carded. Only tags that match to a single gene were tabu- 
lated and composite counts analyzed for their signifi- 
cance; (2) inclusion method: tags that match to multiple 
genes were counted at 100% toward each gene. Ail tags 
were tabulated and composite counts analyzed for their 
statistical significance. Lists of differentially expressed 
genes (p<0.05) obtained from the exclusion and inclu- 
sion methods were compared, and finally only genes that 
have ap value <0.05 in both lists were considered statis- 



tically significant. The total number of genes identified 
was estimated by N m + (Nun, - 0.1 NuJ/3.5, where N m is 
the number of genes matched to SAGE tags, N^ is the 
number of SAGE tags that do not match to known genes 
or ESTs, with 10% representing the estimated sequencing 
error per SAGE tag and 3.5, the average number of tags 
per gene in the SAGE reliable map (release 10-26-2000). 

2.4 RT-PCR and real-time PCR quantification 

For reverse transcription-PCR (RT-PCR), 1 *ig of total RNA 
was reverse transcribed into cDNA. One fortieth of cDNA 
was used for PCR reaction. Samples were collected at 
different cycles and separated on a 2% agarose gel with 
ethidium bromide. Image was captured and quantified 
using NucleoVlsion 760 Image Workstation (Nucleotech, 
CA, USA). Amplification curves_were generated. Sub- 
sequently, RT-PCR was done at cycles "within the log 
phase of amplification. 

Real-time quantification was performed in the iCycler (Bio- 
Rad, Hercules, CA, USA). Briefly, one fortieth of cDNA was 
used in each reaction. Six reactions were carried out for 
each gene and three independent experiments were per- 
formed. PCR mix comprised of 1X PCR buffer, 1.5 mM 
MgCfe, 0.1 mM dNTR 200 nw primers (listed below), 0.05 U 
platinum Taq polymerase (Invitrogen) and 0.1x SYBR green 
(Molecular Probes, Eugene, OR, USA). PCR was carried out 
at 94°C for 2 min, and 40 cycles of 94°C for 30 s, 55°C for 
30 s, and 72°C for 30 s. Primers used for real-time PCR 
quantification: PSA (prostate specific antigen) (Hs.1 71 995, 
5 '-GGAAATGACCAGGCC AAGAC-3 ' , 5'-CAACCCTG GAC 
C TCACACCTA-3*), SCMH1 (Hs.57475 ( S'-GCCTTGACC 
ACATCACTCCAT-3* , 5* -AGGCCTAGGG CTGCAAAAG -3 *) , 
and clusterin (Hs.75106, 5 '-GCAGGAATACCGCAAAAA 
GC-3\ 5*-GACTCAAGATGCCCCCGTAAG-3'). Standard 
samples (50, 25, 1 0, 5, 2.5, 1 and 0.5 uLcDNA) and experi- 
mental samples were used in real-time quantification PCR. 
Each sample was run in quadruple reactions. Standard 
curve (Ct = mX + B) was obtained, where Ct is threshold 
cycle number, X is log quantity of target molecules, m is 
curve slope and B is Y-axis intercept value. Number of 
fold induction or repression for a given target molecule 
was calculated by Qa/Qb, where Qa is the target quantity 
in experimental sample A and Qb is the target quantity 
in experimental sample B. Cta = mlogQa + B or Qa = 
10 (Cte-B)*n therefore, Qa/Qb = 1 QtctaObjAn 



2.5 2-D PAGE 

The procedure followed was as previously described 
[14]. Cells were solubilized in 200 nL of lysis buffer con- 
taining 9.5 m urea i(Bio-Rad), 2% NP-40, 2% carrier 
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ampholytes pH 4-8 (Gailard/Schiessinger, Carle Place, 
NY, USA), 2% p-mercaptoethanol and 10 mM PMSF. 
Aliquots containing approximately 5x10 6 cells, were 
applied onto isofocusing gels. IEF was conducted using 
pH 4 to 8 carrier ampholytes at 700 V for 16 h, followed 
by 1000 V for an additional 2 h. The 1-D gel was loaded 
onto the 2-DgeVafter equilibration in 125 mMTris,- pH 6.8p - 
10% glycerol, 2% SDS, 1 % DTTand bromophenol blue. 
For the second dimension separation, a gradient of 
11-14% of acrylamide (Serva, Hauppauge, NY, USA) 
was used. Following 2-D PAGE, proteins were visualized 
by silver staining of the gels or transferred to an Immobi- 
lon-P PVDF membrane (Millipore, Bedford, MA). 



2.6 Protein identification by mass spectrometry . 

The 2-D gels were silver stained by successive incuba- 
tions in 0.02% sodium thiosulfate for 2 min, 0.1 % silver 
nitrate for 40 min and 0.014% formaldehyde plus 2% 
sodium carbonate. The proteins of interest were excised 
from the 2-D gels and destained for 5 min in 15 mM 
potassium ferricyanide and 50 mM sodium thiosulfate 
as described [15]. Following three washes with water, 
the gel pieces were dehydrated in 100% acetonitrile for 
5 min and dried for 30 min in a vacuum centrifuge. 
Digestion was performed by addition of 100 ng of trypsin 
(Promega, Madison, Wl, USA) in 200 mM ammonium 
bicarbonate or by addition of 100 ng of the endopro- 
teinase Glu-C (Promega) in 100 mM ammonium bicarbo- 
nate. The Lys-C digestion was performed with 500 ng of 
the endoproteinase Lys-C (Roche, Mannheim, Germany) 
in 100 mMTris-HCI, pH 9. Following enzymatic digestion 
overnight at 37°C, the peptides were extracted twice 
with 50 \iL of 60% acetonitrile/1 % TFA. After removal of 
acetonitrile by centrifugation in a vacuum centrifuge, the 
peptides were concentrated by using pipette tips C18 
(Millipore). 

Analyses were performed primarily using a PerSeptive 
Biosystem MALDI-TOF Voyager-DE mass spectrometer 
(Framingham, MA, USA), operated in delayed extraction 
mode. Peptide mixtures were analyzed using a saturated 
solution of cyano-4-hydroxycinnamic acid (CHA) (Sigma, 
St. Louis, MO, USA) in acetone containing 1% TPA 
(Sigma). Peptides were selected in the mass range of 
800-4000 Da. Spectra were calibrated using calibration 
mixture 2 of the Sequazyme peptide mass standards kit 
(PerSeptive Biosystems). The search program MS-Fit, 
developed by the University of California at San Francisco 
(http://prospector.ucsf.edu), was used for searches in the 
NCBI database. Search parameters were as follows: 
maximum allowed peptide mass error of 400 ppm, con- 
sideration of one incomplete cleavage per peptide and 



pH range between 4 and 8. MALDI-TOF mass spectro- 
metry was also used for molecular weight determina- 
tion as described [16]. In some cases, the amino acid 
sequence of some peptides of interest was determined 
by ESI MS analysis. 

3 Results 

3.1 SAGE analysis of the effect of androgen 
on gene expression 

SAGE libraries were generated from LNCaP celts cul- 
tured in the presence or absence of DHT. A total of 
123371 tags were generated of which 62 878 were from 
the LNCaP cell line and 60493 from the LNCaP cells 
treated with DHT for 24 h (Table 1). Sequence analysis 
identified, a total of 28844 distinct tafls. representing 
16570 genes, 1 1 243 from LNCaP and 12 203 from DHT 
treated cells. A total of 351 transcripts were differentially 
expressed at a significant level ip< 0.05). Eighty-seven 
percent of transcripts matched GenBank entries; 79% 
corresponded to known sequences and 8% to ESTs. 
RNA levels for 147 genes were increased and 204 genes 
were decreased after DHT treatment (Table 2). Therefore, 
at the RNA level more genes were repressed than 
activated by androgens. Of these androgen-regulated 
genes, 149 were changed 5> five-fold by DHT treatment 
(Table 3). 



Table 1. Summary of SAGE analysis in LNCaP cells 



Sample 


Total 

transcripts 


Distinct 
tags 


Number 
of genes 


-DHT 


62878 


17 050 . 


11 243 


+ DHT 


60 493 


18 510 


12 203 


Total 


123 371 


28 844 


16 570 



- DHT: LNCaP cells without dihydrotestosterone; + DHT: 
LNCaP cells treated with 10"° m dihydrotestosterone for 
24h 



Table 2. DHT regulated genes in LNCaP cells 

Genes LNCaP vs LNCaP + DHT 

(gene #) 



p 0.05 p 0.01 



Known genes 


277 


147 


ESTs 


29 


8 


No match 


45 


13 


Total 


351 


168 


Up-regulated by DHT (24 h) 


147 


65 


Down-regulated by DHT (24 h) 


204 


103 



1330 A. Waghray etal. 

Table 3. List of candidate genes that are regulated by DHT (>; 5 fold) 
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UGD or Tag 


CAP 


DHT 


Change 


P value 


Description 


283305 


1 


82 


Induced 


0 


immunoglobulin neavy contant aipna i 


183 752 


0 


42 


Induced 


0 


microsemino protein, ueta- 


140 


1 


44 


Induced 


0 


immunoglobulin heavy constant gamma 3 (Gm marKer) 


75415 


18 




Induced 


0 


beta-2-microglobulin 


84298 


0 


17 


Induced 


1.00E-05 


CD74 ant gen (invariant polypeptide of major nistocompaDiiiTy 
complex, class II antigen-assoctatea) 


9615 


0 


16 


Induced 


1 .00E-05 


myosin regulatory light chain 2 f smooth muscle isororm 


77443 


0 


16 


Induced 


1 .00E-05 


actin, gamma 2, smooth muscle, entenc 


1 119 


0 


15 


Induced 


, 2.33 E-05 


nuclear receptor subTamlly 4, group f\, memoer 1 


84753 


23 


2 


Repressed 


3. 00 E-05 


KIAA0246 protein 


75 777 


0 


14 


Induced 


o.oob-Oo 


transgenn 




0 


14 


Induced 


O.OOC-OO 


immunogioDUiin j poiypeptiao, uriKer proisin ior hhiiiuiwj- 


76325 










giODulin aipna anu iiiu fjuiypauuao 


1852 


1 


17 


Induced 


4.33E-05 


acla pnospnatase, prostate 


78465 


0 


13 


Induced 


9.Uuh-UO 


v-|un avian sarcoma virus 1 1 oncogeno nouioioy 


78344 


1 


16 


Induced 


1 .20E-04 


myosin, neavy porypepiiue 1 1 , omooxn mu&uo 


83006 


19 


2 


Repressed 


1 .50E-04 


CGI -139 protein 


263812 


15 


1 


Repressed 


3.19E-04 


nuclear distnbution gene ^a. mauians; nomoiog 


TACGGGGATA 


0 


11 


Induced 


4.20E-04 


Novel 


GCCTGGGTGG 


11 


0 


Repressed 


6.63E-04 


Novel 


GACTGACACT 


16 


2 


Repressed 


8.40E-04 


Novel 


284296 


0 


10 


Induced 


8.60E-04 


Homo sapiens oURr-4 mniMA, complete cas 


75105 


13 


1 


Repressed 


1.19E-03 


emopamll-blnding protein (sterol isomerase) 


128075 


10 


0 


Repressed 


1.30E-03 


ESTs 


154162 


15 


2 


Repressed 


1.43E-03 


ADP-ribosylation factor-like 2 


6895 


1 


12 


Induced 


1.49E-03 


actin related protein 2/3 complex, subunit 3 (21 kD) 


143240 


17 


3 


Repressed 


1.63E-03 


ESTs 


211582 


0 


9 


induced 


1.66E-03 


myosin, light polypeptide kinase 


180266 


0 


9 


Induced 


1.66E-03 


tropomyosin 2 (beta) 


93002 


14 


2 


Repressed 


2.53E-03 


ubiquitin carrier protein E2-C 


17883 


14 


2 


Repressed 


2.53E-03 


protein phosphatase 1G (formerly 2C), magnesium- 








dependent, gamma isoform 


126023 


14 


2 


Repressed 


2.53E-03 


ESTs, Highly similar to NTC1_human NcUnUvatNio luuuo 








KIOTO U DDOTCIKI UlAMrM C\d 1 pPPf^l IR^OR 

I v^n rhU I cUn riv.ilVivL.vyu I rncuu noun 


69469 


2 


13 


Induced 


2.92E-03 


d end nil c cell protein 


77899 


2 


13 


Induced 


■o rvo ci no 


#VAr^ Ami /A^tn 1 /nlnnQl 

tropomyosin l \aipna; 


285501 


2 


13 


Induced 


o.Of t-Uo 


Uiimiin raarrannoH immi mnnlnhi ilio IftfTlhHfl linht chflin mRNA 

rium3n rscirr <ss lyou 11 1 n i iui iuuiuuuui i icu i n^ua i<^< w i«n • ■ • ■« n "» 


119209 


0 


8 


Induced 


o n7c no 
3.07 c-Uo 


insuiinniKe growtn lacior uinuiny pruicin # 


173043 


0 


8 


Induced 


3.07E-03 


metastasis-associated i-iiKe i 


75 866 


0 


8 


Induced 


A Aft 

3.07 E-03 


dimetnyiarginme aimemyiammonyaroiase i 


171695 


0 


8 


Induced 


3.07 E-03 


dual speciTYciiy pnospnatase 1 


TACGGGGATT 


0 


8 


Induced 


3.34E-03 


Novel 


172791 


13 


2 


Repressed 


4.19E-0& 


ubiquitously-expressed transcript 


13561 


13. 


2 


Repressed 


4.19E-03 


jESTs, Weakly similar to d J37E16.5 [H. sapiens] 


98260 


8 


0 


Repressed 


4.34E-03 1 


.ESTs 


CATAAGACTT 


8 


0 


Repressed 


4.64E-03 


'Novel 


TACGGGGACA 


2 


12 


Induced 


5.76E-03 


Novel 


180034 


12 


2 


Repressed 


6.91 E-03 


cleavage stimulation factor, 3' pre-RNA f subunit 3, 77kD 


5753 


12 


2 


Repressed 


6.91 E-03 


inosito(myo)-1 (4)-monophosphatase 2 


278941 


10 


1 


Repressed 


6.94E-03 


PRO0628 protein 


19500 


0 


7 


Induced 


7.25E-03 


nuclear localization signal deleted in velocardiofacal syndrome 
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Table 3. Continued 










1 If5n nr Tan 


CAP 


nHT 

un i 


Change 


P vah l a 

1 VQIUO 


DoscriDtion 


9006 


0 


7 


Induced 


7.25E-03 


VAMP (vesicle-associated membrane protein)-associated 












protein A (33 kD) 


26471 


0 


7 


induced 


7.25E-03 


Homo sapiens clone HQ0692 


AACTGCTGGC 


12 


2 


no pr ccocU 


7.63E-03 


Novel 


GCTGACCGTC 


7 


0 


nepresseu 


8.59E-03 


Novel 


CCCCCCTGTC 


7 


0 




8.59E-03 


Novel 


243901 


2 


11 


Inrli icaH 
ii iuuuou 


8.82E-03 


Homo sapiens cDNA FU20738 fis, clone HEP08257 


119000 


1 


9 


Inrli ifflH 

II IUUUCU 


9.12E-03 


actinin, alpha 1 


78596 


1 


9 


I rirlt ir>oH 
IMUUtoU 


9.12E-03 


proteasome (prosome, macro pain) subunit, beta type, 5 


171955 


7 


0 


Repressed 


9.61 E-03 


trophinin associated protein (tastin) 


180545 


7 


0 


Repressed 


9.61 E-03 


Homo sapiens mRNAfor hypothetical protein (TR2/D1 5 gene) 


77719 


7 


0 


Hepressea 


9.61 E-03 


gamma-glutamyl carboxylase 


4877 


7 


0 


Repressed 


9.61E-03 


CGI-51 protein 


22795 


7 


0 


Repressed 


9.61 E-03 


ESTs 


79335 


'7 


0 


Repressed 


9.G1E-03 


Homo sapiens SWI/SNF-Tolaled, matrix-acscciarod, actin- 








dependent regulator of chromatin D1 (SMARCD1) mRNA 


119177 


9 


1 


Repressed 


1 .26E-02 


ADP-ribosylatin factor 3 


CGGGAGCACC 


9 


1 


Repressed 


1 .29E-02 


Novel 


182217 


0 


6 


Induced 


. 1 .32E-02 


succinate-CoA ligase, ADP-forming f beta subunit 


75106 


0 


6 


Induced 


1 .32E-02 


clusterin (complement lysis inhibitor, SP-40, 40, sulfated gly- 










coprotein 2, testosterone-repressed prostate message 2) 


256311 


0 


6 


Induced 


1 .32E-02 


granin-like neuroendocrine peptide precursor 


103180 


0 


6 


Induced 


132E-02 


DC2 protein 


TACGGGGATG 


1 


8 


Induced 


1 .70E-02 


Novel 


AAACAAATCA 


2 


10 


Induced 


1 .70E-02 


Novel 


136644 


2 


10 


induced 


1.71E-02 


CS box-containing WD protein 


8036 


2 


10 


Induced 


1.71E-02 


glioblastoma overexpressed 


74284 


2 


10 


Induced 


1.71E-02 


ESTs, Weakly similar to Similar to S. cerevisiae hypothetical 










protein L3111 


ATGGCTGATC 


6 


0 


Hepressea 


1.75E-02 


Novel 


ATCACTGCCC 


6 


0 


Repressed 


1 .75E-02 


Novel 


ACATCATCAG 


6 


0 


Repressed 


1.75E-02 


Novel 


CCAGTCCAAG 


6 


0 


Repressed 


1 .75E-02 


Novel 


54842 


1 


8 


induced 


1 J8E-02 


ESTs 


1526 




8 


Induced 


1 .78E-02 


ATPase, Ca++ transporting, cardiac muscle, slow twitch 2 


7911 


1 


8 


Induced 


1 .78E-02 


KIAA0323 protein 


227400 


1 


8 


Induced 


1 .78E-02 


mitogen-activated protein kinase kinase kinase kinase 3 


77269 


1 


8 


Induced 


1 .78E-02 


guanine nucleotide binding protein (G protein), alpha inhibiting 










activity polypeptide 2 


7943 


6 


0 


Repressed 


1.81E-02 


RPBS-mediating protein 


278544 


6 


0 


Repressed 


1 .81 E-02 


acetyl -Coenzyme A acetyltransf erase 2 (acetoacetyl 

* * * 










Coenzyme A thiolase) 


23111 


6 


0 


Repressed 


1.81 E-02 


phenylalanine-tRNA synthetase-like 


31442 


6 


0 


Repressed 


1 .81 E-02 


RecQ protein-like 4 


38628 


6 


0 


Repressed 


1.81 E-02 


hypothetical protein 


77422 


6 


0 


Repressed 


1.81 E-02 


proteolipid protein 2 (colonic epithelium-enriched) 


21 1 973 


6 


0 


Repressed 


1 .81 E-02 


homolog of Yeast RRP4 (ribosomal RNA processing 4), 








S'-S'-exoribonuclease 


171 075 


6 


0 


Repressed 


1.81 E-02 


replication factor C (activator 1 ) 5 (36.5kD) 


89781 


6 


0 


Repressed 


1 .81E-02 


upstream binding transcription factor, RNA polymerase I 


154149 


6 


0 


Repressed 


1.81E-02 


apurinic/apyrimidinic endonuclease(APEX nuclease)-like 2 



protein 



j 



1332 A.Waghrayefa/. 
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UGD or Tag 


CAP 


DHT 


Change 


P value 


Description 


279 772 


8 


1 


Repressed 


2.28E-02 


brain specific protein 


205091 


8 


1 


Repressed 


2.28E-02 


ESTs, Weakly similar to WW domain binding protein 1 1 
(IW. muscufus) 


75658 


8 — 


1 .... 


- Repressed - 


-2.28E-02.- 


-phosphorylase, glycogen; brain . _. 


GGGCAGCTGT 


8 


1 


Repressed 


2.37E-02 


Novel 


105440 


0 


5 


Induced 


2.43E-02 


hepatocyte nuclear factor 3, alpha 


118244 


0 


5 


Induced 


2.43E-02 


protein phosphatase 2, regulatory subunit B (B56), delta iso- 
form 


82389 


0 - 


5 . 


Induced 


2.43E-02 


CGI-1 18 protein 


31638 


0 


5 


Induced 


2.43E-02 


restin (Reed-Steinberg cell-expressed intermediate filament- 
associated protein) 


12013 


0 


5 


Induced 


2.43E-02 


ATP-binding cassette, sub-family E (OABP), member 1 


12797 


0 


5 


Induced 


2.43E-02 


DEAD/H (Asp-Glu-Ala-Asp/Hisj box polypeptide 1 6 


7736 


0 


5 


Induced 


2.43E-02 


hypothetical protein 


274479 




.«5= 


..... Induced 


2.43E-02- 


NME7__ . 


153138 


0 


5 


Induced 


2.43E-02 


origin recognition complex, subunit 5 (yeast homolog)-iike 


16034 


0 


5 


Induced 


2.43E-02 


ESTs 


270072 


0 


5 


Induced 


2.43E-02 


ESTs 


187035 


0 


5 


Induced 


2.43E-02 


ESTs 


1 40452 


0 


5 


Induced 


2.43E-02 


cargo selection protein (mannose 6 phosphate receptor bin- 
ding protein) 


182265 


0 


5 


Induced 


2.43E-02 


keratin 19 


19762 


0 


5 


Induced 


2.43E-02 


ESTs, Weakly similar to unknown (D. melanogastei) 


317 


0 


5 


Induced 


2.43E-02 


topoisomerase (DNA) 


6236 


0 


5 


Induced 


2.43E-02 


ESTs 


GCTGGAGCCT 


5 


0 


Repressed 


3.03E-02 


Novel 


CCAGTGCTCA 


5 


0 


Repressed 


3.03E-02 


Novel 


ACCCTACATA 


5 


0 


Repressed 


3.03E-02 


Novel 


GGGGAAATCT 


5 


0 


Repressed 


3.03E-02 


Novel 


ACTGGTACTG 


5 


0 


Repressed 


3.03E-02 


Novel 


GCTCCGGTGT 


5 


0 


Repressed 


3.03E-02 


Novel 


ACAGTGGTGA 


5 


0 


Repressed 


3.03E-02 


Novel 


7869 




7 


Induced 


3.04E-02 


lysophosphatidic acid acyltransferase-delta 


12101 




7 


Induced 


3.04E-02 


hypothetical protein 


266940 




7 


induced 


3.04E-02 


t-complex-associated-testis-expressed 1 -like 1 


R1QR 


; 


7 


Induced 


3.04E-02 


intearin-l inked kinase 


366 


1 


7 


Induced 


3.04E-02 


6-pyruvoyltetrahydropterin synthase 


173611 




7 


Induced 


3.04E-02 


NADH dehydrogenase (ubiquinone) Fe^S protein 2 (49kD) 
(NADH-ceonzyme Q reductase) 


102469 




7 


Induced 


3.04E-02 


putative nuclear protein 


78825 




7 


Induced 


3.04E-02 


matrin 3 


284465 


; 


7 


Induced 


3.04E-02 


ESTs 


30738 




7 


Induced 


3.04E-02 


hypothetical protein FUI1 0407 


78687 




7 


induced 


3.04E-02 


neutral sphingomyelinase (N-SMase) activation assoviated 
factor 


92381 


1 


7 


Induced 


3.04E-02 


nudix (nucleoside diphosphate linked moiety X)-type motif 4 


242039 


5 


0 


Repressed 


3.26E-02 


EST 


4766 


5 


0 


Repressed 


3.26E-02 


OKFZP586O0120 protein 


283109 


5 


0 


Repressed 


3.26E-02 


hypothetical protein DKFZp762L1 710 


192853 


5 


0 


Repressed 


3.26E-02 


ubiquttin-conjugating entyme E2G 2 (homologous to yeast 
UBC7) 


153678 


5 


0 


Repressed 


3.26E-02 


reproduction 8 



( 



I 
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Table 3. Continued 



UGD or Tag 


CAP 


DHT 


Change 


P value 


Description 


251317 


5 


0 


Repressed 


3.26E-02 


EST 


279623 


5 


0 


Repressed 


3.26E-02 


selenoprotein X 


150319 


5 


0 


Repressed 


3.26E-02 


ESTs 


102456 




JO 


" Repressed 


3.26E-02 


survival ot motor protein interacting protein-i- 


284250 


5 


0 


Repressed 


. 3.26E-02 


AD-003 protein 


251871 


5 


0 


Repressed 


3.26E-02 


CTP synthase 


270480 


7 


1 


Repressed 


3.92E-02 


ESTs, Weakly similar to ALU5.HUMAN ALU SUBFAMILY SC 
SEQUENCE 


26655 


7 


1 


Repressed 


3.92E-02 


glucose-6-phosphatase, transport (glucoses-phosphate) 
protein 1 


8118 


7 


1 


Repressed 


3.92E-02 


leukotrlene A4 hydrolase 


CTCCGCCGGC 


7 


1 


Repressed 


4.47E-02 


Novel 


AGGAAATGCT 


7 


1 


Repressed 


4.47E-02 


Novel 


GCTGACCGAGG 7 


1 


Repressed 


4.47E-02 


Novel 


CCCATAGTCC 


7 


1 


Repressed 


4.47E-02 


Novel — - — 



CAP: LNCaP cells without dihydrotestosterone 

DHT: LNCaP cells treated with 1 0" 9 dihydrotestosterone for 24 h 

UGD: unigene ID 

Numbers in CAP and DHTcolumns are the number of tags observed in respective samples 



3.2 Confirmation of SAGE data 

To confirm the differential expression pattern at the RNA 
level, semiquantitative RT-PCR assay was performed on a 
group of selected genes. One ug of total RNA was reverse 
transcribed into cDNAwith oligo dT. cDNA was amplified by 
PCR for various cycles. PCR products were separated on 
agarose gels and quantified by densitometry. PCR ampli- 
fication curves were plotted for each gene, and data within 
the logarithmic phase of amplification were used for quanti- 
fication (Fig. 1 A, B and C). The reproducibility of gene regu- 
lation by androgen was confirmed in three independent 
experiments by monitoring the induction of PSA in the pres- 
ence or absence of cyclohexamide (Rg. 1 B). The kinetics 
of gene induction or repression was determined for PSA 
(Hs.171995), clusterin (Hs.75106) and SCMH1 (Hs.57475) 
genes. Typical examples of kinetics are shown in Figure 
1C. PSA was induced at 4-6 h, peaked between 6-20 h, 
and gradually declined after 20 h post-treatment of DHT. 
Clusterin was induced within 0.5-1 hand gradually declined 
after 6-1 2 h. SCMH1 was repressed 2-4 h post-treatment. 
Expression of PSA, clusterin, and SCMH1 was quantified by 
real-time PCR (Rg.1D). 

3.3 Changes in protein expression induced 
by DHT 

Protein lysates of LNCaP-cells cultured in the presence of 
DHT for 72 h and cells -cultured in parallel in the absence 
of DHT were subjected to 2-D PAGE -(Fig. 2). Following sil- 



ver staining, gels were digitized prior to computer-based 
matching and quantitative analysis, as previously des- 
cribed [17]. Of a total of 1031 protein spots matched 
between 2-D patterns of DHT treated and untreated cells, 
a set of 32 protein spots increased In intensity by at least 
two-fold in two independent experiments. Likewise, a set 
of 1 2 protein spots decreased in intensity by at least two- 
fold in these two independent experiments. A two-fold 
change in integrated intensity by silver staining represents 
on average a three-fold change in amount of protein, 
based on prior q uantitative studies [17]. 

The 44 protein spots that changed in intensity as a result 
of DHT treatment were excised from the gels, digested 
with trypsin, and subsequently analyzed by MALDI-TOF 
MS. The resulting spectra were used to identity the pro- 
teins using the MS-Fit search program. Of the 44 spots 
excised from the gels, 29 were identified without ambi- 
guity and consisted of 21 up-regulated and eight down- 
regulated proteins {Table 4). The identified proteins repres- 
ented a heterogeneous group that included cytoskeletal 
proteins (e.g. tropomyosin, a tubulin), metabolic enzymes 
(e.g. adenine phosphoribosyl transferase, p 1 ,4 galactosyl 
transferase, galactocerebrosidase), and the products of 
previously described androgen responsive genes (e.g. 
SRY, selenium binding protein) [18, 19], Specific anti- 
bodies confirmed the identification based on MS for all 
proteins analyzed by Western blotting, which included a 
tubulin, myosin light chain isoforms, nucleoside diphos- 
phate kinase A, glyceraldehyde 3-phosphate dehydro- 
genase (G3PD), and tropomyosin (data not shown). 
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Figure 1. Kinetics and quanti- 
fication of androgen-regulated 
genes. Total RNA from un- 
treated and DHT treated 
LNCaP cells was reverse 
transcribed. cDNA was PCR 
amplified for various cycles. 
PCR amplification curves were 
plotted for each gene. A cycle 
number within the logarithmic 
phase of amplification was 
selected for semi-quantitative 
analysis. cDNA was also used 
for real-time quantitative PCR. 
(A) An example of RT-PCR 
amplification of PSA at cycles 
between .20-30. (B) . RT-PCR 
of PSA in three independently 
treated LNCaP samples, h: 
hours; 0: no DHT; 24: treated 
with 10- 9 M DHT for 24 h; 



without cycloheximide; +: with 5 ug/mL of cycloheximide for 24 h. (C) An example of three independent kinetics experi- 
ments for PSA, clusterin and SCMH1. (D) Comparison of SAGE results with that of real-time quantitative PCR for PSA, 
clusterin and SCMH1 . |: induction; 1: repression. 



Corresponding SAGE data were available for most of the 
proteins affected by DHT treatment that were identified, it 
was therefore of interest to determine if the changes 
observed at the protein levels were matched by concor- 
dant changes at the mRNA level. Remarkably for most of 
the proteins identified, there was no appreciable concor- 
dant change at the RNA level (Table 4). 



4 Discussion 

We have compared the gene expression profile of 
LNCaP, an androgen responsive prostate cancer cell 
line, with or without androgen (DHT) treatment. Approxi- 
mately 350 of 16570 expressed genes detected at the 
RNA level were affected by dihydrotestosterone at the 
p<0.05 level. The DHT responsive genes included 
known genes, ESTs, and novel genes. As expected, we 
saw an induction of genes that are well known to be 
regulated by androgens. For instance, we found a 1 .7- 
fold induction in kallikrein 3/PSA, a 7.*6-fold induction in 
prostatic kallikrein 2, and a 15.7-fold induction in pro- 
static acid phosphatase by DHT in LNCaP cells. We 
also saw a five-fold induction in NKX3.1/NKX3A and 
three-fold in fatty acid synthase; two previously identified 
androgen-regulated genes{20, 21]. Interestingly p-micro- 
seminoprotein, reported to be reduced or lost in prostate 
tumor [22], was up-regulated more than 40-fold in 



LNCaP cells by DHT. More significantly, our data indicate 
that genes involved in a variety of turnor cell functions 
such as growth, apoptosis, and metastasis, are directly 
or Indirectly regulated by androgens. In addition, it is 
noteworthy that both 0-actin and G3PD, the two most 
frequently used loading controls, were up-regulated 
approximately two-fold by DHT (p< 0.01). Thus, these 
two genes may not be appropriate controls in some 
experiments. 

Serial analysis of androgen-regulated gene expression 
provides us with a list of candidate genes. However, 
many factors such as the dose of DHT and the time of 
cell exposure to DHT and other unknown experimental 
variations will affect the level of gene expression. There- 
fore, it is important to confirm the SAGE results with alter- 
native methods. We performed semiquantitative RT-PCR 
(fig. 1 B) on approximately 20 genes and real-time quanti- 
tative PCR on 10 genes in at least three independently 
DHT treated LNCaP samples. We noticed experimental 
variations in every gene determined. Some genes such 
as PSA (fig. 1B) have smaller variations and some have 
larger variations. In addition, the fold of alteration in 
expression identified by SAGE is different for some genes 
compared to that identified by real-time quantitative PCR. 
This is probably due to the technical limitation of SAGE. 
Serial analysis of gene expression is highly quantitative 
for genes whose tags are detected at large numbers. 
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Rgure2. 2-D PAGE patterns of 
untreated (A) and LNCaP cells 
treated with OHT for 72 h (B). 
Identified proteins that were 
reduced in levels following DHT 
treatments are shown in (A) and 
induced proteins are shown in 
(B). Numbered spots represent 
either proteins that were chan- 
ged in level that have not been 
identified or isoforms of identi- 
fied proteins. 
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Table 4. List of proteins that are altered by DHT (> 2-fold) 



Protein name or 


Unigene 


Protein 


Change 


mRNA 




Change 


sport number 


ID 


Oh 


in protein 

72 h 


Oh 


24 h 


in mRNA 


Adenine phosphoribosyl transferase 


28914 


0\ A A f\ 

0.448 


1.084 t 


36 


18 




Alpha Endosulfine - - ........ 


11.1680. 


. 0.066 


0.679. t 


2 


. ..5... 


-T 


Alpha Tubluin 


278242 


0.924 


1.932 f 


48 


38 




Nucleophosmin, B23 


1 73 205 


0.256 


#* ^ m ** A 

0.522 t 


16 


5 


A 


CGI -83 


118 554 


&\ ****** 

0.063 


0.291 t 


2 


3 


T 


Creatine Kinase B chain (brain) 


173 724 


0.508 


1.142 | 


59 


32 


I 


Cytokeratin 8 


242463 


0;1 34 


0.393 t 


35 


40 


t 


Cytoskeletal tropomyosin, NTRK1 


85 844 


*% *. ^ ^ 

0.414 


1.174. t 


14 


18 


t 


Galactocerebrosidase 


273 


0.095 


0.405 t 


3 


3 




Lactoyl Glutathione Lyase 


75 207 


0 


1.256 T 


27 


22 


.A 


Myosin Light Chain (1 000) 


77385 


0.724 


6.102 T 


118 


88 


I 


Myosin bght Chain {1001) 


77385 


0.6 


3.212 t 


118 


88 


i 


Myosin ijght Chain (1032) 


77385 


2.573 


5.694 t ... 


110 

;«p» . . 


. 88 . 


. i — „ 


Nm23 


118638 


0.583 


1.978 r 


35 


25 


I 


Protein phosphatase 6, catalytic 


279563 


0.287 


0.737 T 


2 


2 




Protein 


7016 


0 


0.448 t 


2 


5 


t 


Slow Skeletal Muscle Troponin 


84673 


0.067 


0.195 T 


1 


0 


i 


SRY male gonadal sex determining 


1992 


0 


0.735 T 


ND 


ND 




Synovial sarcoma, X breakpoint 2 


289105 


0.225 


0.593 t 


ND 


ND 




Terminal deoxynucleotidyl 


272537 


0.392 


0.995 t 


ND 


ND 




Transformer-2 alpha 


119523 


0.074 


0.201 T 


7 


13 


T 


284 




0.173 


0.461 T 








402 


* 


0 


0.33 T 








456 




0.154 


0.314 T 








664 




0.297 


0.629 t 








807 




0 


0.977 t 








863 




0.246 


0.665 T 








903 




0.271 


0.632 . T 








1018 




0 


a a*, a 

0.725 t 








1054 




0.47 


1 .394 t 








1057 




0.451 


0.959 f 








1082 




0.609 


1 .738 T 






■ 


14-3-3 eta 


75 544 


0.232 


0.114 I 


1 


5 


T 


Beta-1 ,4-galactosyl transferase 


158540 


1.306 


0.707 | 


ND 


ND 




Cox11 


241 515 


1.643 


1.453 i 


3 


0 


i 


Dihydrolipoamide dehydrogenase 


74635 


0.844 


0.132 I 


9 


8 






IDs *f f D 






f O 


lot 




G3PD (457) 


169479 


2.051 


0.336 i 


75 


137 




Selenium Binding Protein <234) 


7833 


0.411 


0^201 I 


26 


31 




Selenium Binding Protein (237) 


7833 


0&74 


0.22 | 


26 


31 




651 




o.3i ; 


0.115 1 








745 




0.21 


0.067 | 








892 




0.-674 


0.454 1 








1178 




0.933 


0.305 I 









Numbers in protein are the intensity of protein spots 

Numbers in mRNA columns are the number of SAGE tags detected 

ND: not detected ) 
f: increase; J: decrease; =: equal 
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When the tag number detected for a given gene is close 
to zero, the quantitative nature of SAGE is compromised. 
For instance, in approximately 60 000 transcripts of each 
sample, the PSA tag was detected 42 times in LNCaP and 
70 times in LNCaP treated with DHT. However, the tag for 
clusterin was detected 0 times and 6 times, and the tag 
for SCMH1 5 times~and 0 times in the corresponding sam- 
ples. Therefore, the SAGE data of PSA is more reliable 
than that of clusterin and SCMH1 . Indeed, SAGE data of 
PSA Is virtually identical to that of real-time quantitative 
PCR, whereas the SAGE data of clusterin and SCMH1 dif- 
fer from that of quantitative PGR (Fig. 1 D). 

PSA is probably the best-known androgen-regulated 
gene. We were surprised to see only 1.7-fold induction 
by DHT. However, kinetics experiments indicate that PSA 
is induced at 4-6 h, peaked between 6-20 h, and gradu- 
ally declined 20 h post-treatment of DHT. Since the SAGE 
experiment was done in samples treated for 24 h with 
DHT, PSA mRNA level was likely to have declined from 
its peak level. Indeed, we could detect 5-10 fold induction 
of PSA at 6-8 h post-treatment. Clusterin was reported as 
an androgen-repressed gene in the rat prostate [23]. 
Recent evidence indicates that clusterin may not be 
directly androgen-repressed, but regulated by apoptotic 
stimuli [24]. Our results suggest that clusterin was 
induced within 0.5-1 h, gradually declined after 6-12 h, 
and after 24 h reduced to a lower level than that of 
untreated cells (Fig. 1C). 

Another important question is how many of the andro- 
g en-re gut ated genes Identified are directly induced or 
repressed by androgens. In order to address this ques- 
tion, detailed analyses must be done for each gene. As 
the first step, we will divide the androgen-regulated 
genes identified in this study into two groups; the cyclo- 
hexamide-sensitive group whose induction or reduction 
of expression by DHT is blocked by the protein synthesis 
inhibitor and the cyclohexamide-insensitive group whose 
induction or reduction is not affected by cyclohexamide. 
We consider that genes in the tatter group are directly 
regulated by DHT. Preliminary results suggest that 
approximately 20% of the 20 genes studied by RT-PCR 
are cyclohexamide-insensitive. Experiments are under 
way to determine the cyclohexamide sensitivity of all of 
the 149 genes listed in Table 3. Further characterization 
of androgen-regulated genes may provide some clues 
on the transition from hormone sensitive to hormone 
refractory prostate cancer. 

A relatively small set of genes could be analyzed at the 
protein level, largely due to the limited sensitivity of 2-D 
PAGE Nevertheless, a substantial number of detected 
proteins (44 of 1031 proteins analyzed, 4.3%) were 
affected by DHT treatment. Some of the proteins in this 



1337 

subset that were identified included the products of 
genes that were previously shown to be affected by 
androgens, namely selenium binding protein, brain speci- 
fic creatine kinase, SRY protein, B23 and G3PD. Using 
a subtract ve approach, the human selenium-binding 
protein gene was shown to be differentially expressed 
in LNCaP and reversibly down-regulated by exogenous 
androgen in a concentration-dependent manner, in con- 
cordance with our findings at the protein level [19]. An 
increase in levels of the brain specific creatine kinase 6 
chain in response to androgen has also been described 
{25]; Likewise the SRY gene has been found to be respon- 
sive to androgen stimulation in LNCaP cells [18]. Also, a 
number of glycolytic enzymes including G3PD which 
were affected at the protein level have been found to be 
responsive to androgen stimulation [26]. Androgenic reg- 
ulation of the amount and phosphorylation of the protein 
323, included in our list of affected proteins, has been 
previously described and found to be related to the early 
changes associated with androgen mediated growth of 
the prostate [27]. 

Corresponding SAGE data was available for most of the 
proteins affected by DHT treatment that were identified. 
Interestingly, for most of the proteins identified, there 
was no appreciable concordant change at the RNA level. 
There are several potential explanations for this lack of 
concordance. A particular gene may be represented by 
more than one protein isoform in 2-D gets. For example, 
in the identified group, three proteins (myosin light chain, 
G3PD and selenium binding protein) were represented 
by more than one isoform. Thus, a source of discordance 
between RNA and protein data may be that the protein 
change is limited to a particular isoform of a protein and 
not to overall protein products of a particular gene. 
Nevertheless, a change in a particular isoform is inform- 
ative and biologically meaningful and may not be pre- 
dictable from RNA data. A lack of concordance between 
RNA and protein data may also reflect either translational 
control, post-translationa) modifications, or changes in 
protein turnover due to DHT treatment. Yet another 
explanation for a lack of concordance could be a lag 
time for changes at the RNA level to be reflected in a 
protein change. It follows from the above considerations 
that monitoring gene expression at both RNA and protein 
levels may provide complementary information that could 
not be ascertained by solely measuring RNA or protein. 

We would like to thank Dr. Ken Kinzler (Johns Hopkins 
University) for providing SAGE software. This study is par- 
tially supported by DAMD1 7-98-1 -8501, R01CA74927 
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Based on biomedical literature databases, we tried a first step for constructing a gene expression Received: December 27, 2004 
"data warehouse" specific to human colorectal cancer (CRC). Results of genome-wide tran- Revised: March 26, 2005 

scriptomic research were available from 12 studies, using various technologies, namely, SAGE, Accepted: March 29, 2005 

cDNA and oligonucleotide arrays, and adaptor-tagged amplification. Three studies analyzed CRC 
cell lines and nine studies of human samples. The total number of patients was 144. Out of 982 
up- or down-regulated genes, 863 (88%) were found to be differentially expressed in a single 
study, 88 in two studies, 22 in three studies, 7 in four studies, and only 2 genes in six studies. 
Eight large-scale proteomics studies were published in CRC, using 2-D-, SDS- or free-flow elec- 
trophoresis, involving only 11 patients. Out of 408 differentially expressed proteins, 339 (83%) 
were found to be differentially expressed only in a single study, 16 in three studies, 10 in four 
studies, 3 in five, and 1 in eight studies. Confirmation at proteome level of results obtained with 
large-scale transcriptomics studies was possible in 25%. This proportion was higher (67%) for 
reproducing proteome results using transcriptomics technologies. Obviously, reproducibility and 
overlapping between published gene expression results at proteome and transcriptome level are 
low in human CRC. Thus, the development of standardized processes for collecting samples, 
storing, retrieving, and querying gene expression data obtained with different technologies is of 
central importance in translational research. 

Keywords: 
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1 Introduction 

Translational research in human colorectal cancer (CRC) is 
applying a large spectrum of molecular biology, cellular bi- 
ology, and advanced validation tools. In particular, genome- 
wide techniques are now applied to decipher modifications 
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in gene expression. In recent years, transcriptomics and 
proteomics tools have been broadly applied in CRC. The 
hope is that the new data obtained will now allow a classifi- 
cation of disease on molecular basis, deep insights into the 
pathophysiology of CRC, prognostic statements, and finally a 
systematic search for diagnostic and therapeutic targets. 

Because of the complexity of the biological system under 
investigation, the most significant contribution of transla- 
tional research in CRC is expected to derive not from the 
analysis of single experiments but from libraries of experi- 
ments. In other words, the results obtained so far by trans- 
lational research tools in different clinical and experimental 
settings need to be compared, contrasted, and if possible 
synthesized. Thus, based on the biomedical literature data- 
bases, we tried a first step for constructing such "data ware- 
house" specific to human CRC. 

www.proteomics-journal.de 
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The specific aims of the present study were to screen 
transcriptomics and proteomics studies published in CRC, 
and to elaborate a kind of "meta-analysis of gene expression" 
in CRC. Our hypothesis was that we would be able to deter- 
mine a common set of genes and gene products that are up- 
or down-regulated in human CRC by overlapping results 
obtained by different authors. 



2 Materials and methods 

This is a literature survey of gene expression data published 
in human CRC. A Medline search of reports published in 
English from 1990 to 2004 using the terms "colon cancer" 
and "gene expression" with the limit "human" was performed 
and yielded 1979 articles. All abstracts were reviewed and a 
related article search was performed on appropriate abstracts. 
Articles were selected by a consensus of two reviewers (E.S., 
M.R.) that satisfied these predetermined criteria: sample ori- 
gin (human and/or cell lines) and preparation detailed, tech- 
nology for gene expression studies defined (transcriptomics 
and/or proteomics studies), and quantitative results on over- 
expression or underexpression available. Studies concerning 
f single genes or arbitrarily selected genes were discarded. 
Results obtained in animal models were not considered. 

Data were entered into an Excel working sheet (Micro- 
soft, Seattle, USA). Since gene expression data were not 
always obtained with quantitative, but in most cases semi- 
quantitative gene expression analysis technologies, no 
expression values or ratios were entered into the database. 
Only genes reported as being over- or underexpressed were 
entered. No threshold was defined so that some genes 
defined as differentially expressed -might have shown only 



marginal differences. Only descriptive statistics are provided, 
which were obtained with the in-built tools of the Excel soft- 
ware. 

Various methods were used for large-scale translational 
research in CRC, including transcriptomics and proteomics 
technologies. Results of genome-wide transcriptomic re- 
search are available from 12 studies, using various technolo- 
gies, namely, SAGE (five studies), complementary DNA 
(cDNA) arrays (five studies), and oligonucleotide array (one 
study), as well as adaptor-tagged amplification (one study). 
Three studies analyzed CRC cell lines and nine other studies 
analyzed human samples. The total number of patients pro- 
filed in all studies was 144. Out of the nine studies with hu- 
man samples, only two studies with a total of only 22 patients 
were performed using purified epithelial cells (one of them 

* 

using cDNA arrays, the other one using SAGE technology). 
An overview of these studies is provided in Table 1. 

Eight large-scale proteomics studies were published in 
CRC using various technologies, namely, 2-D PAGE (six 
studies), SDS-PAGE (one study), and free-flow electrophore- 
sis (one study). In total, all proteome studies in CRC involved 
only 11 patients. An overview of these studies is provided in 
Table 2. 



3 Results 

One thousand two-hundred and forty genes have been 
reported to be dysregulated (up- and/or down -regulated) in 
human CRC, representing about 5% of the 20000-25 000 
human genes. 



* The complete dataset can be consulted: 
http://www.chirurgiebethel.de 



Table 1. Large-scale or genome-wide transcriptomics studies in human CRC, using cell lines or human tissues. All studies together 
involved only 144 patients 



Author 


Year 


Sample 


Preparation 


Method 


Number 
of patients 


Zhang etal. [18) 


1997 


Normal mucosa and primary tumors 


Whole tissue 


SAGE 


2 


SAGE-NET 1 191 


1997 


Primary tumors and cell lines 


Cell lines 


SAGE 




Zhang etal. [181 


1997 


Cell lines 


Cell lines 


SAGE 




Parle-McDermott etal. [20] 


2000 


Cell lines 


Cell lines 


SAGE 




Yanagawa etal. [211 


2001 


Paired normal and cancer 


Whole tissue 


cDNA 


20 


Takemasa etal. [22] 


2001 


Paired normal and primary tumors 


Whole tissue 


cDNA 


20 


Nottermann etal. [23] 


2001 


Paired normal mucosa and primary 


Whole tissue 


Oligonuc- 


22 






tumors, or adenoma 




leotide array 




Buckhautts etal. [24] 


2001 


Normal mucosa, adenoma and 


Purified epithelial 


SAGE 


6 






primary tumors 


cells 






Birkenkamp etal. [251 


2002 


Paired normal and primary tumors 


Whole tissue 


cDNA 


27 


Lin et al. [281 


2002 


Paired normal mucosa and primary 


Purified epithelial 


cDNA 


16 






tumors, or adenoma 


cells 






Muro etal. [271 


2003 


Normal and cancer 


Whole tissue 


Adaptor-tagged 


11 


Williams etal. [281 


2003 


Paired normal mucosa and primary 


Whole tissue 


cDNA 


20 






tumors, normal and adenoma 
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Table 2. Large-scale or proteomics studies in human CRC, using cell lines or human tissues. All studies together 
involved only nine patients 



Author 


Publication 


Sample 


Method 


Number 




year 






of patients 


Reymond etaf. [9| 


1997 


Purified epithelial cells 


2-D PAGE 


1 


Simpson et al. [29] 


2000 


Cell lines 


SDS-PAGE 




Lawrie etal. [30) 


2001 


Purified epithelial cells 


2-D PAGE 


4 


Simpson etal. [311 


2001 


Cell lines 


Free-flow electrophoresis 




Medjahed etal. [32] 


2003 


In silico 


2-D PAGE 




Demalte etal. [33] 


2003 


Cell lines 


2-D PAGE 




Stierum etal. [34| 


2003 


Cell lines 


2-D PAGE 




Friedman etal. [351 


2004 


Human whole tissue 


2-D PAGE 


6 



The vast majority of dysregulated genes in human CRC 
was found using transcriptomics tools: a total of 982 genes 
was found to be differentially expressed in at least one of 
these 12 transcriptomics studies. Out of these 982 genes, 863 
(88%) were found to be differentially expressed only in a 
single study, in other words these results have not been 
reproduced so far. The other findings could be reproduced in 
two or more transcriptomics studies: 88 genes were found to 
be differentially expressed in two studies, 22 in three studies, 
7 in four studies, no gene in five studies, and 2 genes in six 
studies. The most cited genes are listed in Tables 3 (up-reg- 
ulation) and 4 (down-regulation). 

A total of 408 proteins were found to be differentially 
expressed in human CRC in at leas t one study Out of these 408 
molecules, 339 (83%) were mentioned in a single study, in 
otherwords these results could not be reproduced. Differential 
expression of the remaining 70 proteins were mentioned with 
following frequenc: 40 were mentioned in two proteomics 
studies, 16 in three studies, 10 in four studies, 3 in five studies, 
and a single protein in eight studies. The most cited proteins 
are listed in Table 5 . It has to be noted that only a single study 
[1] provided differential display protein expression data 
obtained in the human patient, using whole tissue biopsy. 

It is also difficult to reproduce transcriptomics results 
with proteomics tools. Out of 982 genes found to be differ- 
entially expressed in human CRC by .genome-wide tran- 
scriptomics technologies (Table 6a), only 177 (18%) have 
been confirmed using proteome technologies. When the 
genes reported to be differentially expressed in three and 
more transcriptomics studies (« = 31) are compared with 
those reported to be differentially expressed in three and 
more proteomics studies (n « 30), only two genes (actin: 
ACTB_HUMAN and creatin-kinase: KCRB.HUMAN) can 
be matched. Thus, the probability of reproducing a gene 
expression result obtained at transcriptome level is low when 
using proteomics technologies. 

In contrast, there is a better reproducibility when prote- 
omics results are verified using transcriptomics tools 
(Table 6b). In fact, when the subset of 30 proteins that are 
consistently (in three studies or more) reported to be dysreg- 
ulated in CRC is compared with transcriptomics results, 20 

© 2005 WILEY- VCH Verlag GmbH & Co. KGaA, Welnheim 



genes can be matched, representing about two-thirds. Thus, 
the probability of being able to reproduce a proteomics result 
using transcriptomics tools is more than three times higher 
than the opposite way (67 vs. 18%). However, it has to be 
noted that in 16% of cases, results remain unclear or even 
contradictory. 

Both in the transcriptomics and proteomics studies, 
many genes and factors were found to be differentially regu- 
lated that obviously do not play a causal role in CRC carci- 
nogenesis. 

4 Discussion 

This study was aimed at screening transcriptomics and pro- 
teomics studies published in CRC, and to elaborate a kind of 
meta-analysis of gene expression in CRC in order to generate 
a data warehouse that would be useful in translational 
research. A significant number of translational research 
studies have been published in CRC, starting in 1997 with 
SAGE technology, followed by an increasing number of array- 
based transcriptomics studies since 2001, and more recently 
by several proteomics studies. This has created a significant 
amount of data which we were then able to compile. 

Our starting hypothesis was that we would be able to 
determine a common set of genes and gene products that are 
up- or down-regulated in human CRC by comparing results 
obtained by different authors. This endeavor was not very 
successful; obviously, overlapping between published gene 
expression results both at proteome and transcriptome level 
is low in human CRC. In fact, more than 80% of results 
could not be reproduced. Several explanations can be pro- 
vided to explain this lack of reproducibility. 

First, the number of patients included in the studies is 
low (alltogether 144 patients in transcriptomics, 11 in prote- 
omics studies); some high impact publications having been 
conducted on samples of only two patients [18]. This is a 
problem because interindividual genetic variability is high in 
human CRC [2]. Thus, it is allowed to hypothesize that some 
results attributed to gene dysregulation might be caused by 
genetic diversity rather than by cancer-specific traits. 
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Table 3. Results of transcriptomics research in human CRC. Most cited up-regulated genes out of 12 genome-wide or large-scale studies 



TRANSCRIPTOMICS 



Accession 

Number Swiss-Prot Entry Name Name 


Yanagawa et al 2001 [21] 


Muro et al 2003 [27] 


Buckhaults et al 2001 [24] 


§ 

at 

CL 

E 
ra 
-ac 
c 


Takemasa et al 2001 [22] 


3* 

£i 

To 
*■« 

V 

er 


I 
o 

« 
a 

i 

o 
a 

o 

£ 

i 

to 
a. 


Zhang et al 1997 [18] 


5? 

I 

m 
*•* 
« 

z 

■ 

Ul 
C3 
< 


GO 

M 

r»» 
cn 

M 


Williams et al 2003 [28] 


Notterman et al 2001 [23] 


Paired nonnal and cancer 


Normal and cancer 


N.mucadenoma and pr.tum 


Paired n. and pr.tumors 


Paired n. and pr.tumors 


Paired n.muc and pr.tum or adenoma 


Cell lines 


Norm.muc and Prhn.tum 


Primary tumors and cell lines 


Cell line 


Paired n.muc and pr.tum, n and adenoma 


Paired n.muc and pr.tum or adenoma 


§ 

a 

o 

— 


I | Adaptor-tagged 


a 
< 

CO 

~r 


! cDNA 


cDNA 


< 

o 

o 


SAGE 


SAGE 


SAGE 


SAGE 


I 

ea 

o 


Oligonucleotide Array 


AF041260 


075363 


IFM2.HUMAN 


Interferon-inducible protein 1-Bd 


1 






1 










AA232508 


Q9Y397 


SAHH_HUMAN 


S-Adenosylhomocysteine hydrolase AHCY) 






i 


1 










1 


1 






AA007218 


Q96QY8 


BGH3_HUMAN 


Transforming growth factor, beta-induzed, 66 kDa 


i 






1 


1 








—■■ — 




1 








G01119 




TCPD_HUMAN 


Chaperonin containing TCP-1, subunit 4 (delta) 












1 








1 


1 




X75821 


Q04984 


CA1 INHUMAN 


C0L1A1 










1 


1 




1 










U22055 


Q96AG0 


TF3A_HUMAN 


Generaltranscription factor IMA 








1 




1 










1 




U 14631 


P80365 


GR0_HUMAN 


GR01 oncogene (melanoma growth stimulating 
activity, alpha) 


— 






1 












1 


1 




M92439 


P42704 


M0P1_HUMAN 


MPDP4, MDP7 microsomal dipeptidase 






i 


1 








1 










AF029082 


P31947 


MPI2_HUMAN 


M-phase inducer phosphatase 2 






1 




















M86400 


P29312 


PR0C_HUMAN 


Pyrroline 5-carboxilate reductase mRMA 






i 




















L76465 


P 15428 


SPRC.HUMAN 


Secreted protein, acidic,xysteine-rich 

i 

(osteonectin) \ 






i 




















X57352 


Q01628 


Q96AG0 


100 kDa coactivator mRNA : 


























X03205 


P62888 


RL30_HUMAN 


50S Ribosomal protein L30 . 


























M95787 


Q01995 


RL23_HUMAN 


60s ribosomal protein L23 



























Z25821 


P42126 


HS9B.HUMAN 


90-kOa HSP 


























U96132 


Q99714 


RLA2_HUMAN 


Acidic ribosomal phosphoprotein P2 mRIMA 


























AB028893 


P04643 


CA14_HUMAN 


Alpha-1 chain of collagen IV 


























X79239 


Q02546 


APA1_HUMAN 


Apofipoprotein A-l 


















— 








M 13934 


P06366 


BMP4_HUMAN 


Bone morphogenetic protein-2B (BMP-2B) 


























M60854 


PI 7008) 


CSE1.HUMAN 


CAS chromosome segregation gene homologue 


















h 








Ml 3932 


PQ8708 


CD81_HUMAN 


CD81 antigen 


























X691S0 


P25232 


TCPZ.HUMAN 


Chaperonin containing TCP 1, subunit 6 A(zetal) 


























L06498 


PI 7075 


CA21_HUMAN 


Collagen alpha-2 type 1 


















1 

1 
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Table 3. Continued 



TRANSCRIPTOMICS 



Accession 

Number Swiss-Prot Entry Name Name 


Yanagawa et al 2001 [21] 


Muro et al 2003 [27] 


Buckhautts et al 2001 [24] 


Birkenkamp et al 2002 [25] 


Takemasa et al 2001 [22] 


Un et al 2002 [26] 


Parle-McDermott 2000 [20] 


Zhang et al 1997 [18] ] 


SAGE-NET et al 1997 [19] 


Zhang et al 1997 [18] 


Williams et al 2003 [28] 


Notterman et al 2001 [23] 


3 
z 

a 


Adaptor-tagged 


SAGE 


cDNA 


cDNA 


cDNA 


SAGE 


SAGE 


SAGE 


SAGE 


z 

o 


Oligonucleotide Array 


L04483 


P35265 


C02_HUMAN 


Complement component C2 




1 






















M 647 16 


P25111 


R10A_HUMAN 


Csa-19mRNA 




1 






















X77770 


P02383 


ROAIJWMAN 


DNA binding protein UPI, liver mRNA fragment 


1 
























W52460 


PH798 


TP2A_HUMAN 


DNA topoisomerase II (top2) 


1 
























X55715 


P23396 


IF39_HUMAN 


Eukaryotic translation initiation fa ctor|EIF3)mRNA 


1 


1 






















M77234 


P49241 


IF2B.HUMAN 


Eukaryotic translation initiation factor 2, subunit 2 


1 
























M584S8 


PI 2750 


GGH_HUMAN 


Gamma -glytamyl hydrolase 


1 
























016992 


P10660 


G3P2.HUMAN 


Glyceraldehyde 3 phosphate dehydrogenase 


























M77233 


P23821 


SYGJWMAN 


Glycyi-tRNA synthetase 


























F16294 
X6115G 


P09058 
P08865" 


RS8_HUMAN 
HS9A.HUMAN " 


H19RNA 


1 




— 
















■ 




Heat shock Protein HSP 90-Alpha 




136055 


Q 13541 


HM6LHUMAN 


Hmgl mRNA for high mobility group protein 1 


, 
























AA316619 


P04645 


RS23_HUMAN 


Human homoiog of yeast ribosomal protein S23 
(D14530) 



























L14599 


Q15233 


IMD2_HUMAN 


IMP (inosine monophosphate) dehydrogenase 2 


























X79234 


P39026 


IFM1_HUMAN 


Interferon induced transmembrane protein 1(3— 
27| 
















* 








L06505 


P30050 


LDHB_HUMAN 


Lactate dehydrogenase B(LDH-B) 


























X64707 


P26373 


RS2_HUMAN 


LLRep 3 


























X56932 


P40429 


4F2.HUMAN 


Lymphocyte activation antigen 4F2 large subunit 
















i 

i 

1 








L25899 


P39030 


NPL1_HUMAN 


Nucleosome assembly protein 1 -like 1 

















♦ 
t 
t 

i 








X63527 


P14118 


GSHH_HUMAN 


Phospholipid hydroperoxide glutathione per- 
oxidase 
















i 

i 

i 
i 
i 








X89401 


P46778 


GDFF„HUMAN 


Prostate differentiation factor 
















— |— 

* 








H59771 


P23131 


RLfi.HUMAN 


Ribosomal protein L 6 
















-+- 








M94314 


P38663 


RL18_HUMAN 


Ribosomal protein L18(RPL!8) mRNA 
















* 








LI 9527 


P08526 


RL1X.HUMAN 


Ribosomal protein L18a mRNA, complete cds 
















i 
• 

t 








U 14968 


P46776 


RL7_HUMAN 


Ribosomal protein L7 


























U 14969 


P46779 


RL8_HUMAN 


Ribosomal protein L8 






— — 




















138941 


P49207 


RS5_HUMAN 


Ribosomal protein S5 











U 12465 


P42766 


RS19JWMAN 


S 19 ribosomal protein 



























F19234 


PI 8077 


MYC.HUMAN 


V-myc myelocytomatosis viral oncogene 
homoiog (avaint 


























X66699 


P12751 


Q99497 


EST(PARK7; DJ1| 


1 


1 














* 

r 









J 
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Table 4. Results of transcriptomics research in human CRC. Most cited down-regulated genes out of 12 genome-wide or large-scale studies 



TRANSCRIPTOMICS 



Entry Name Name 


Yanagawa et al 2001 [21] 


Muro et al 2003 [27] 


Buckhaults et al 2001 [24] 


Birkenkamp et al 2002 [25] 


Takemasa et al 2001 [22] 


...... 

Un et al 2002 [26] 


I 
o 

*3 
o 

i 

03 

o 

o 

S 

* 

<u 
0. 


So 

& 
at 

15 
Z 

? 


SAGE-NET et al 1997 [19] 


Zhang et al 1997 [18] 


Williams et al 2003 [28] 


Notterman et al 2001 [23] 


Paired normal and cancer 


Normal and cancer 


E 

3 

*« 
t_ 

•o 
ta 

(0 

E 
e 
c 
« 

o 
z> 

B 

* 


Paired n. and pr.tumors 


Paired n. and pr.tumors 


Paired n.muc and pr.tum or adenoma 


Cell lines 


E 

3 

.§ 

Kb 
& 

-a 

c 

<D 

O 
D 

E 

* 

i 

o 
X 


Primary tumors and cell lines 


Cell line 


Paired n.muc and pr.tum,n and adenoma 


Paired n.muc and pr.tum or adenoma 


< 
as 
a 

o 


Adaptor-tagged 


SAGE 


<* 
as 

Q 

U 


< 

X 

a 

u 


< 

a 

o 


SAGE 


SAGE 


SAGE 


SAGE 


< 
z 
a 

o 


Oligonucleotide Array 


CAH2_HUMAN 


Carbonic anhydrase II 


1 




1 




1 












1 


1 


CEA1_HUMAN 


EST (BILIARY GLYCOPROTEIN) 






1 

— 


1 




t 












1 


1 


BENE_HUMAN 


BENE 


1 








1 






1 








1 


CAH1_HUMAN 


Carbonic anhydrase 1 


1 




1 


















1 


6UAU_HUMAN 


GCAP-II guanylate cyclase activator 2B; Uroguanylin; UGN 


1 
























1 


FABL_HUMAN 


L-FABP liver fatty acid-binding protein 1 


1 








1 
















ACDS_HUMAN 


Acyl-CoenzyrneA dehydrogenase C-2 to C-3 short chain 






















1 


1 


ADHG.HUMAN 


ADH gama 2 subunit (a a- 1-375) 










1 

i 














1 


T4S3_HUMAN 


Co -029; transmembrane 4 superfamily member 3 






1 




i 














DRA_HUMAN 


Colon mucosa-associated (DRA) 























1 


KCRB_HUMAI\I 


Creatine kinase 


1 






















GUAN.HUMAN 


GUCA1B guanulate cyclase activator 1 B/guanylin 










i l 












1 


0 95784 


IgG Fc-binding protein 


1 






















ITMC.HUMAN 


Integral membrane protein 2C 










i i i 

1 














MK03JWMAN 


MAPK3 










! 










1 




FXY3_HUMAN 


MAT8 protein 










i ! 














ACTB_HUMAN 


mRNA fragment encoding cytoplasmic actin 


1 








1 


1 


1 










SELP_HUMAN 


Selenoprotein P 


















1 






EST1_HUMAN 


Liver carboxylesterase t [Precursor] 






-— ■■■ ■ 




i J 






1 


-M — 


1 


CFA0_HUMAN 


Adipsin, complement factor DCDA (EST) 


















» 
i 


1 


ATPB.HUMAN 


ATP5B ATP synthase 


















— 1— 




CAHC.HUMAN 


CA12 










i ! 












CANS_HUMAN 


Calcium dependent protease (small subunit) 














1 




— f— 

• 




CALM_HUMAN 


Calmodulin-I (CALM1 ) mRNA, 3' UTR, partial sequence 










— \— 




1 




— pn 




CAH4_HUMAN 


Carbonic anhydrase IV • 








1 


1 * 








i — 

i 

i 


1 



© 2005 WtLEY-VCH r Verlag GmbH &Co. KGaA, Weinhelm . www.proteomics-iournal.de 



3072 E. Sagynaliev ef al. 
Table 4. Continued 



Proteomics 2005, 5, 3066-3078 



TRANSCRIPTOMICS 



Entry Name Name 


Yanagawa et al 2001 [21] 


Muro et al 2003 [27] 


Buckhautts et al 2001 [24] 


Birkenkamp et al 2002 [25] 


Takemasa et al 2001 [22] 


s 

75 
+>• 

Ol 

c 


5" 
o 

« 
O 

o 

S 

& 

to 
O. 


Zhang et al 1997 [18] 


an 
To 

i 

UI 
C3 
< 
V) 


Zhang et al 1997 [18] 


Williams et al 2003 [28] 


CO 

§ 

CM 

*•> 

« 

s 

e 

1 

o 
Z 


cDNA 


Adaptor-tagged 


SAGE 


< 
z 

o 


< 

a 

a 


< 
Z 

o 

u 


SAGE 


SAGE 


SAGE 


SAGE 


1 
a 

o 


; Oligonucleotide Array 


MT1F HUMAN 


rnM A cimilar tn nh* MlflQd.9 rHcl human 
t*l/IMM o mill al LU yu. 'VI 1 UJ*ti_l(Ua I MUllidll 


















i 
i 






i 
i 


000748 


CES 2 carboxvlesterase 2 








1 


1 
















CMGA_HUMAN 


CgA 








1 
















1 


CLUS_HUMAN 


clusterin 
























1 


k1ct_human 

kdgaIhuman 

"dtd_human" 


Cytokeratin 20 
Diacylglycerol kinase 
DTD sulfate transporter 


















1 






1 






L 









1 










1 
















PLA8_HUMAN 


EST 122594 5_ 


















1 






1 


ATPAJWMAN 


FI-ATPase alpha subuntt 











1 

















LEG3_HUMAN 


Galectin-3 (Galactose-specific lectin 3} (MAC-2 antigen) 










1 
















ABP.HUMAIM 


HP-DA01 {diamine oxidase) 




















1 




1 


K1CS.HU MAIM 


Keratin 19 












1 








H 

1 






K2C8_HUMAN 


Keratin, type li cytoskeletal 8 (cytokeratin 8} {K 8} (CK 8) 














1 






1 ' 






DHB2_HUMAN 


LI 1708 Estradiol- 17 beta- dehydrogenase 2 












1 












1 


MT1H.HUMAN 


Metallothionein 1H 
























1 


MUC2_HUMAN 


Mucin 2, intestinal/tracheal 














1 


1 










MEPA_HUMAN 


PPH alpha gene 




















1 




1 


PA2A_HUMAN 


RASF-A PLA2 gene 












1 










1 




MT1F.HUMAN 


RfMA helicase-related protein 




















i 


1 


SBP1_HUMAN 


SBP selenium-binding protein 












1 


1 






| 




MTIl.HUMAN 


Serine theonine kinase 39 (STE20/SPS1 homolog.yeast) 












1 










1 


MYL6_HUMAN 


Myosin light polypeptide 6 


















1 


i 1 




TETN.HUMAN 


TNA tetranectin 












1 










1 


VIPR_HUMAN 


VI PR 1 vasoactive intestinal polyoeptide receptor 1 












1 








1 | 


1 


PLA8.HUMAN 


Placenta-specific gens 8 protein 










i 

i 










1 


Q9NXM9 


Hypothetical protein FU20I51 










| 1 








1 

< 

i 


1 


T4S1 .HUMAN 


Transmembrane 4 superfamily member 1 








i 


i 
i 
i 
i 








1 i 




ALU2_HUMAN 


Alu subfamily SB sequence contamination warning entry 






1 




"IT 








f 

1 




S116_HUMAN 


S100 calcium-binding protein A16 










1 

1 

1 1 






1 


l ! 




C14AJWMAN 


Dual specificity protein phosphatase CDC14A 










f 

4 
1 








' ! ' 





Second, results have been obtained using heterogeneous 
samples in particular cell lines, whole tissue biopsies, and 
epithelial cells purified from surgical specimens. Results 
obtained in cell lines do not allow accurate comparison be- 
tween normal and cancer cells, and the presence/absence of 
proteins of interest has to be confirmed in biopsies. For 
example, when 2-D PAGE protein patterns of normal human 



colonic crypts were compared with the CRC cell line LIM 
1863, the proteins spots from normal crypts matched only 
75-80% of the cell line spots and the relative expression 
levels of a large number of proteins differed [3]. When clin- 
ical biopsies are examined, results of phenotypic compar- 
isons depend on the type of samples examined (e.g., hetero- 
geneous whole tissue biopsies with inflammatory cells, 
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Table 5. Results of proteomics research in human CRC. Most cited up-regulated (orange), down-regulated (green), or mentioned (yellow) 
proteins out of 12 large-scale proteomics studies 



Accession 
Number 



Swiss-Prot Entry Name 



AF041260 



J075363 



ACTB HUMAN 



AA232508 
AA007218 



IQ9Y397 
IQ96QY8* 



Name 

mRNA fragment encoding cytoplasmic actin 



ACTG HUMAN 



GTP HUMAN 



Actin, Cytoplasmatic 2 (Gamma-Actin) 



Glutathione S-transferase M3 (brain) 



I 



CO 
B 

e 

V) 

6 

V7 



< 
a. 

i 

CO 
Q 
CO 



to 
+-> 
a> 

tz 
© 

a. 

E 

Cn 



a 

* 



\ m 



(9 



cn 

cn 

t» 

■o 
c 
o 

I 



C9 



CL. 




U 

.2, 
■a* 
a» 

s 



Q 

i 

CM 



■ W 

3 
.3 



UJ 



CM 



CO 

a» 



•a 



a. 



i 

ai 



CO 



s 



1 



X77584 



IG011 19 



THICLHUMAN Thioredoxin (ATL-derived factor) (ADF) 



m 



m 



X75821 



Q04984 



U22055 



IQ96AG0 



ANX3. HUMAN 
ANX4 HUMAN 



Annexinlll (Lipocortin III) 



Annexin IV (Lipocortin IV) 



■ m 



U14631 



i P80365 



K1CR HUMAN 



Keratin,type I cytoskeletal 18 (cytokeratin 18)(K18) (CK18) 



M92439 
AF029082 



m 



i P42704 
Tp31947~ 



ATPB HUMAN 



ATP5B ATP synthase 



PPIA HUMAN 



Peptidy I- Prolyl Cis-Trans Isomerase A (Cyclophilin A) 



® 



m 



M86400 



P29312 



P0A3 HUMAN 



Probable protein disulfide isomerase ER-60 precursor 



m 



mm 



L76465 



X57352 



P15428 
001628 



tpis_human 
tctpJhuman" 



Triosephosphate isomerase (TIM) 

Translationally controlled tumor protein (TCTP)(p23)" 



X03205 



P1O809 



CH60 HUMAN 



Heat shock protein GO 



m 



M95787 
Z25821 



Q01995 
P42126 



vinc.human 
efig'human" 



'Vinculin 



1 



I Elongation factor 1 -gamma mRNA 



U96132 



Q99714 



TBAI_HUMAN jTubulin alpha-1 chain, brain specific 



ABQ28893 
X79239 



P04643 
Q02546 



CATD _HUMAN 
EF11~ HUMAN 



jCathepsin D (EC 3.4.23..5).{GENE.CTSD}Homo sapiens 



Elongation factor 1 -alpha, mRNA 



M 13934 



P06366 



G3P2_HUMAN iGlyceraldehyde 3 phosphate dehydrogenase 



M60854 



M 13932 



PJI7Q08 
P08708" 



GR78_HU MAN 

enoaToman 



•78 kDa glucose-regulated protein precursor (GRP 78) 



j Alpha enolase (2-phospho-D-glycerate hydrolyase) 




X69150 



P25232 



CRTC_HUMAN I Calrecticulum precursor (CR55) (calregulin) 



L06498 
L04483~ 



P17075 
P35265 



COF I.HUM AN 
HS7CHUMAN 



iCofilin, non-muscle i so form 



: Heat shock Cognate 71 kOa protein 



M64716 



P25111 



HBB.HUMAN jHemoglobin beta chain.(GENE: HBB} h.s 



X77770 
~W5246cf 



P02383 



K2C8. HUM AN j Keratin, ty pe II cytoskeletal 8 (cytoke ratin 8) (K 8) (CK 8 ) 



PI 4798 



( „ : : — : — — 

RM12JHUMAN | Mitochondrial 60s ribosomal protein L7/L12 precursor 



X55715 



P23396 



GR75_HUMAN Mitochondrial stress-70 protein precursor (GRP 75) 



M77234 



P49241 



SODC_HUMAN {Superoxide Dismutase (Cu-Zn) 



M 58458 



PI 2750 



KCRB_HUMAN Creatine kinase 



01 6992 



PI 0660 



143Z_HUMAN {14-3-3 protein zeta/delta (protein kinase C inhibitor protein- 1) 



M77233 
F16294 



P23821 
P09058* 



R L4_HUMAN [60s ribosomal protein L4 (LI) 

ANX1_HUMAN jAnnexin I jiipocortin I) (calpactinll) (chromobindin 9) (p35) 



X61156 



P08865 



R0A1_HUMAN j DNA binding protein UPI, liver mRNA fragment 



L36055 



Q13541 



FABL_HUMAN ! L-FABP liver fatty acid-binding protein 1 
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Table 5. Continued 



1 

Accession 

Number Swiss-Prot Entry Name Name 


Simpson et al 2000 [29] 


Simpson et al 2001 [31] 


Oemalte et al 2003 [33] 


■ 

57 

* 

1 

o 
c 

o 

QC 


Medjahed et al 2003 [32] 


Lawrie et al 2001 [30] 


Friedman et al 2004(35] 


Stierum et al 2003(34] 


SOS-PAGE 


Ree-flow electrophoresis 


LU 

a 

i 

<N 


2-0 PAGE 


2-D PAGE 


2-D PAGE 


2 D PAGE 


2-0 PAGE 


AA316619 | P04645 


PAB INHUMAN 


Poly(A) binding protein, mRNA 


W& 
§1$ 








.v,;. .v.; 








LI 4599 jQl5233 


RL3_HUMAN 


Ribosomal protein L 3 







h — 










X79234 i P39026 


RS19_HUMAN 


S 19 ribosomal protein 


















L06505 j P30Q50 


SAHH_HUMAN 


S-Adenosylhomocysteine hydrolase AHCY) 


















X64707 | P26373 


TERAJWMAN 


Transitional endoplasmic reticulum ATPase (TER ATPase) 


w * W w m i 
















X56932 | P40429 


GDIR.HUMAN 


Rho GDP-dissociation inhibitor 1 
















lii 


L25899 IP39030 


ACON_HUMAN 


Aconitate hydratase, mitochondrial precursor laconitase) 


















X63527 IP14H8 


AKA1JWMAN 


Alcohol dehydrogenase (NADP+) (aldehyde reductase) 






111 












X89401 | P46778 


AAC4_HUMAN 


Alpha-Actinin 4 




ill 














H59771 i P23131 


NPM.HUMAN 


B23 nucleophosmin 


ill 




lii 












M 943 14 ]P38663 


CATA_HUMAN 


Catalase 


m 


— 












LI 9527 ! P08526 


CD44.HUMAN 


CD44 antigen (Phagocytic glycoprotein 1) 
















U 14968 IP46776 


TCPZJ1UMAN 


Chaperonin containing TCP1, subunit 6A(zeta1) 


il 














U 14969 IP46779 

i 
i 
i 
« 
t 
i 


COXA_HUMAN 


Cytochrome c oxidase polypepti-de Va, mitochondrial (EC 1.9.3.1) 
{GENE:C0X5A}H.s 






iiliii 










L38941 ! P49207 


C0XBJ1UMAN 


Cytochrome C oxidase polypeptide VB precursor. COX5B 


lii 














U 12465 IP42766 


EF1B_HUMAN 


Elongation factor 1-beta (EF-1-beta) 
















F19234 | PI 8077 


ER29.HUMAN 


Endoplasmatic reticulum protein ERp29(ERp31) (ERp28|. 
















X66699 1P12751 


EZRLHUMAN 


Ezrin (p81) (cytovillin)(villin-2) 


IP 














D23660 ; P36578 


ALFA.HUMAN 


Fructose-Biphosphate Aldolase A (Muscle-Type Aldolase) 


ill 


lit 












U 14966 IP46777 


DHE3_HUMAN 


Glutamate dehydrogenase 1 precursor (GDH) 


m 














X06705 i PI 1518 

i 


HS9A.HUMAN 


Heat shock Protein HSP 90-Alpha 


« 


III 


1 










D 14531 IP32969 


ROL.HUMAN 


Heterogeneous nuclear ribonucleoprotein L (HNRPN L) 






Hit— 










U30255 IP52209 


K2C1_HUMAN 


Keratin, type II cytoskeletal 1 (cytokeratin 1) (K1) (CKl) 


11 


II 


! 










M81182 ; P28288 


PDXI.HUMAN 


Peroxiredoxin 1 (EC 1.11.1.-) (Thioredoxin peroxidase 2) 






lip 




III 






U04627 | P40939 


060506 jPRM RNA binding protein Gry-rbp (GRY-RBP)mRNA 


111 








111 






X87949 1 P1 1021 


PHB_HUMAN iProhibitin 


m 














Ml 6660 ! P08238 


PD1_HUMAI\I | Protein disulfide isomerase precursor (PDI) 


Ill 




VfrYffi} 










U79725 IQ99795 


SPCB_HUMAN ! Spectrin beta chain, erythrocyte (Beta-I spectrin) 
















D 10511 IP24752 


PDX3_HUMAN jThioredoxin-dependent peroxide reductase, mitochondrial 






illii 










M55040 | P22303 


TPM3_HUMAN jTropomyosin alpha 3 chain (Tropomyosin 3) 






111 




Mi 






AF1 02542 j 095395 


NDKA_HUMAN 


No n- metastatic cells 1, protein (NM23A)expressed in 






i 
i 








W45148 IP24666 

* 


143SJHUMAN 


14-3-3 PROTEIN SIGMA 






II 


>*w \**.\. 

■\\w.v 








Ml 7885 IP05388 


RL24_HUMAIM 


60s ribosomal protein L24(L30) 


w% 




■"""1 i 

i 


^% 
^SS* \^ v 








M 17886 j P05386 


APA1_HUMAN jApolipoprotein A-l 
















M 17887 IP05387 


DHSA_HUMAN |SDH2 succinate dehydrogenase flavoprotein subunit 






« 









t 
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Table 6. Reproducibility of transcriptome results using proteomics tools (a) and vice versa (b). Proteomics results have been reproduced in 
67% of cases in transcriptomics studies. Results from transcriptomics studies are more difficult to reproduce using proteomics 
tools (25%). Only two gene products can be retrieved in three and more proteomics and transcriptomics studies (actin and creatin- 
kinase) 



a. Transcriptomics > Proteomics 



Accession 

Number Swiss-Prat Entry Name 



Name 



AF0412fiDT07S3fi3 
AA232508 j Q3Y39T 
AA007218 i Q96QY8 

4- 



X 0501 4 



X75821 



UZ20S5 



U14631 



M92439 -P42704 



G01119 



Carbonic anhydr ase 11 



EST {BILIARY GLYCOPROTEIN) 



BENE 



Carbonic enhydrase I 



Q04984 



Q96AG0 



P80365 



GUAU HUMAN 



IFM2 HUMAN 



FABL HUMAN 



SAHH HUMAN 



GCAP-II guanylate cyclase activator 2B; Uroguanylin; UGN 



Interferon-inducible protein 1-Bd 



L-FABP liver fatty acid-binding protein 1 



S-Adenosylhomo cysteine hydrolase AHCY) 




AFQ29082 ! P31947 



BGH3 HUMAN 



Transforming growth factor, beta-induced, 66 kOa 



M86400 i P23312 



ACDS HUMAN 



Acyl-CoenzymeA dehydrogenase C-2 to C-3 short chain 



L76465 i P1542B 



ADHG HUMAN 



ADH gama 2 subunit {aa-1-375) 



X57352 SQ0I628 



CC16 HUMAN 



APC6 or C0C16Hs cell division cycle 16 



X03205 P50991 



TCPD HUMAN 



Chaperanin containing TCP- 1, subunit 4 {delta) 



M95787 !Q01995 



T4S3 HUMAN 



Co-Q29;transmembrene 4 sup erf a miry member 3 



Z25821 : P42126 



CA11 HUMAN 



C0L1A1 



U 96 132 1Q99714 



DRA HUMAN 



Colon mucosa- associated (DRA) 



AB028893;P04643 



KCRB HUMAN 



Creatine kinase 



X79239 



:QQ2546 



TF3A HUMAN 



General transcription factor III A 



M 13934 iP06366 



GR0 HUMAN 



GR01 oncogene{melanoma growth stimulating activity, alpha) 



M60S54 j PI 7008 



GUAN HUMAN 



GUCA1B guanulate cyclase activator IB/guanylirT 



M 13932 jP 08708 



095784 



IgG Fobinding protein 



X69150 



iP25232 



ITMCHUMAN 



Integral membrane protein 2C 



L06498 - P17075 



MK03 HUMAN 



MAPK3 



L04483 IP35265 



FXY3HUMAN 



MATS protein 



M64716 SP25111 



MDP1 HUMAN 



MPDP4, MDP7 microsomal dipeptidase 



X77770 i P02383 



MPI2 HUMAN 



M-phase inducer phosphatase 2 



W52460 IP14798 



ACTB HUMAN 



mRNA fragment encoding cytoplasmic actin 



X55715 i P23396 



PROC HUMAN 



Pyrroline 5-carboxilate reductase mRNA 



M77234 i P49241 



SPRC HUMAN 



Secreted protein, acidic, cysteine- rich (osteonectin) 



M58458 IP12750 



SELPHUMAN 



Selenoprotein P 



016992 !P10660 



EST1 HUMAN 



EST 
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Table 6. Continued 

b. Proteomics > Transcriptomics 



Accession 

Number Swiis-Prul Entry Name Name 



W52460 ! P14798 



Ml 7887 SP05387 



AA496678IP20749 



U53445 JQ8IUM3 



X56932 P40429 



U14631 iP80365 



M33987 rp00915 



ACTB HUMAN 



GTPHUMAN 



ACTG HUMAN 



THIO.HUMAN Thioredoxin (ATl-dwitwd fart or) (ACFJ 



ATPB HUMAN 



K1CRHUMAN 



ANX4 HUMAN 



mRNA fragment encoding cytoplasmic actin 



Glutathione S-transferase M3 (brain) 



Actin, Cytoplasm ati'c 2 (Gam ma- Ac tin) 



ATP5B ATP synthase 



Keratin, type t cytoskeletal 18 (cytokeratin 18) (K18) (CK18) 



Annextn IV (Upocortin IV) 




X51346 (P17535 



CH60 HUMAN 



Heat shock protein 60 



X17206 



M 36035 



PI 5880 



PPIA HUMAN 



Peptidyl- Prolyl C is- Trans Isomcraso A (Cyclophilin A) 



P30536 



TPIS HUMAN 



Triosephosphate isomerase (TIM) 



X75821 



Q04984 



ANX3HUMAN 



Annextn III (Upocortin III) 



W52942 



P29312 



PDA3 HUMAN 



Probable protein disulfide is (unerase ER-60 precursor 



W89072 



001628 



TaP HUMAN 



Translation ally controlled tumor protein (TCTP)(p23) 



W85876 



001995 



VI NC HUMAN 



Vinculin 



AB028893 



P04643 



KCRB HUMAN 



Creatine kinase 



U80040 



Q99798 



G3P2 HUMAN 



Glyceraldehyde 3 phosphate dehydrogenase 



AA461325 



Q3UEYB 



K2C8 HUMAN 



Keratin, type II cytoskeletal 8 (cytokeratin B) (K 8) (CK 8) 



03 1840 



P54259 



GR78 HUMAN 



78 kDa glucose-regulated protein precursor (GRP 78) 



J04469 



P12532 



CATDHUMAN 



Cathepsin D (EC 3.4.23..5MG£NE.CTSD)Homo sapiens 



X73502 



P35900 



C0F1 HUMAN 



Cofilin, non-muscle isoform 



Z11692 



P13639 



EF11 HUMAN 



Elongation factor 1-alpha, mRNA 



X 84694 



P49411 



EF1G HUMAN 



Elongation factor 1-gammB mRNA 



U20272 

biem" 



092664 



P30Q86 



HS7C.H UMAN 
TBA1 HUMAN 



He at shoc k Co on ate 7 1k D a pr t e i n 
Tubulin alpha- 1 chain, brain specific 



M 13932 



P08708 



ENOA HUMAN 



Alpha enolase (2-phospho-D-glycerate hydro-lyase) 



Z70701 



P25232 



CRTC HUMAN 



Calrecticulum precursor (CR55) (cafregulin) 



F15744 



P25111 



HBB HUMAN 



Hemoglobin beta chain.{GENE: HBB} hs 



T74426 



Q9UNH5 



RM12 HUMAN 



Mitochondrial 60s ribosomal protein L7/L12 precursor 



060944 



Q3Y365 



GR75 HUMAN 



Mitochondrial stress- 70 protein precursor (GRP 75) 



Hs.7369 



P49241 



SODC HUMAN 



Superoxide Dismutase (Cu-Zn) 
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necrosis, blood, stool, etc.), so that standardized sample 
preparation procedures are critical for obtaining reproduc- 
ible results. Several sample preparation methods have been 
described, in particular fluorescence-activated cell-sorting 
(FACS) [4], laser capture microdissection (LCM) [5-8], 
immunomagnetic beads separation [9], and cellular frac- 
tionation [10]. Unfortunately, these sample preparation 
procedures were barely applied in CRC. In our experience, 
the beads-based method is characterized by several advan- 
tages when compared with other cell purification proce- 
dures [11 J. 

Third, gene expression patterns depend on the arrays 
technology platform. In transcriptomics studies any factors 
may affect the outcome of a microarray experiment, in par- 
ticular technical, instrumental, computational, and inter- 
pretative factors. In fact, lack of reproducibility and accuracy 
is a major concern in microarray studies [12]. When. cross- 
platform comparison was performed, reproducibility was 
insufficient: only four genes from a set of 1 85 common genes 
selected behaved consistently on three array platforms, and 
agreement of about 30% was found between two brands [13]. 

Fourth, in proteomics studies, 2-D PAGE or 2-D DIGE 
have well-known technological limitations. In CRC, even 
after epithelial cell enrichment using magnetic beads, the 
mean CVof repeated 2-D PAGE analysis with silver staining 
was found to lie between 20 and 28%. Only 47% (interrun) to 
76% (intrarun) of spots could be matched within a triplicate 
experiment. Interindividual phenotypic variability was high. 
Thus, even under well-defined experimental conditions, 2-D 
PAGE parallel analysis of paired CRC samples is hampered 
by a significant variability [2]. 

Fifth, the methods applied for generating, formatting, 
storing, retrieving, and querying data are of outmost impor- 
tance to assess methodological and biological variation in 
gene expression analysis. Unfortunately, due to the small 
sample size (number of patients), large number of variables 
examined at once, and absence of double or triple experi- 
ments (arrays and gels are expensive and samples are rare) 
statistical analysis is often not valid. In particular, assessing 
the reproducibility of a variable is necessary (e.g., using the 
intraclass correlation coefficient) for comparing multiple 
samples at once. The use of median values instead of mean 
values has been shown to improve data correction [14]. It has 
also been proposed to use housekeeping genes as endoge- 
nous controls [15]. A dedicated society. The Microarray Gene 
Expression Data (MGED) Society, has been formed to facil- 
itate the sharing of gene expression data generated by func- 
tional genomics and proteomics experiments [16]. 

Finally, correlation between results of transcriptomics 
versus proteomics results is low. For CRC, there is no pub- 
lication comparing rnRNA and protein expression for a 
cohort of genes. However, extrapolation is reasonable from 
another epithelial cancer (lung adenocarcinoma), where 
such comparison has been performed. Only a subset of the 
proteins (17%) exhibited a significant correlation with 
mRNA abundance [17]. 



Obviously, many genes and factors found to be differen- 
tially regulated (both in transcriptomics and proteomics 
studies) do not play a causal role in CRC carcinogenesis. For 
example in the studies under investigation, at least 17 
mRNAs encoding ribosomal proteins were identified to be 
dysregulated using cDNA arrays and 39 ESTs using SAGE 
technology. This broad dysfunction of protein synthesis, in 
particular of small molecules synthesis, has been reported 
not only in cancer but also in several other human diseases, 
where etiologies have been linked to mutations in genes of 
the translational control machinery [36]. 

However, some findings might be of particular interest 
in human CRC. For example, a small molecule group found 
to be dysregulated in human CRC is the 14-3-3 proteins 
family. 14-3-3 proteins are ubiquitous within all eukaryotic 
cells and participate in protein kinase signaling pathways. In 
particular, they are involved in phosphorylation-dependent 
protein-protein interactions that control progression 
through the cell cycle, initiation and maintenance of DNA 
damage checkpoints, activation of MAP kinases, prevention 
of apoptosis, and coordination of integrin signaling and 
cytoskeletal dynamics [37]. Given the prevalence of specific 
14-3-3 isoforms expression in several human epithelial can- 
cers [38, 39), these proteins may be involved in cancer 
tumorigenesis and particular isoforms may be useful as 
therapeutic targets in human CRC. 

In summary, we propose a gene expression data ware- 
house in human CRC that is intended to help researchers 
active in the field to get an overview of the data available. 
However, reproducibility of results obtained in different 
studies was disappointing. 

As a matter of fact, the development of some types of 
unified processes for generating information, formatting, 
storing, retrieving, and querying data, regardless of the tech- 
nology used to generate it, is of central importance for 
building gene expression databases. Such unified processes 
have been proposed (see above) but have found only limited 
recognition so far. This is unfortunate because these metho- 
dological issues must be solved before trying to integrate 
experimental data from different sources into functional 
proteomics studies at the bench or in silico. The present 
meta-analysis of gene expression highlights the need for 
including a sufficient number of patients, analyzing only 
purified epithelial cells, using clinical standards (such as the 
international classification of disease, histopathology, and 
staging), assessing the variability of the technology applied, 
considering common standards for microarray data annota- 
tion and exchange, and finally for developing software 
implementing these standards and promoting the sharing of 
these high quality, well -annotated data within the life sci- 
ences community. 

In the absence of such unified processes, reproducibility of 
results within a laboratory will continue to be low, confirma- 
tion of results between different groups will stay difficult, and 
identification of diagnostic and therapeutic targets will remain 
a lottery. These prpblems are challenging the whole drug dis* 
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covery process from the very beginning, namely target identi- 
fication, so that target validation, assay development, and 
prioritization of compounds remains a high risk endeavor. 



We are very grateful to G. Nestler for her excellent technical 
assistance. 
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Gene Expression Analysis 
Using Microarrays 

Sophie E. Wildsmith and Fiona J. Spence 



13.1 Introduction 



Microarrays are of increasing interest to both industry and academia as tools 
for "gene hunting' and also as quantitative methods for routine analysis of large 
numbers of genes. Techniques such as real-time polymerase chain reaction (RT- 
PCR) TaqMan™ and SybrMan™ are generally considered to be more accurate, 
robust, larger in dynamic range and less capital intensive, but for rapid, large^ 
scale gene expression analysis using limited mRNA, microarrays and gene chips 
are preferred. 



13.2 Microarray experiments 
Platforms 

Global gene expression platforms are now available in multiple formats, 
including cDNA arrays, oligonucleotides spotted onto slides or in situ 
synthesised oligonucleotide arrays manufactured using photolithography 
Commercial sources for these include Stratagene (La Jolla, CA) Memorec 
(Koln, Germany) and BD Biosciences (Oxford, UK) for cDNA microarrays 
Mergen Ltd (San Leandro, CA) for spotted oligomers and Affymetrix (Palo 
Alto, CA) for oligoarrays synthesised in situ. Purchasing from a supplier is more 
expensive than generating microarrays in-house, although the latter is beneficial 
in labour-intensive institutions or when proprietary gene information is utilised. 
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'Off-the-shelf microarrays may also have the advantage of rigorous quality 
control and standardised protocols. 

It is possible to produce oligonucleotide spotted arrays in-house, by design- 
ing oligonucleotide sequences that match genes of interest and then purchasing 
purified oligonucleotides to spot down on glass or other substrates. Alternatively 
there are new systems such as that available from CombiMatrix (Mukilteo, 
WA, USA) for computer-aided design and in situ synthesis of oligonucleotides. 
However, production of cDNA microarrays is currently the most affordable and 
popular method and is now well established. Numerous sources of informa- 
tion on cDNA microarray fabrication are available in the literature and on the 
internet (Bowtell, 1999; Cheung et a/., 1999; Wildsmith and Elcock, 2001 and 
http://cmgm.stanford.edu/pbrown). Thus, this chapter will focus on the 
implementation of experiments and analysis of data ftojn cDNA microarrays. 
The experimental procedure differs slightly according to the number of fluo- 
rophores (or channels) and the type and manufacturer of the array. We have 
attempted to describe a generic process, indicating where possible the different 
options. Figure 13.1 demonstrates the procedure for a two-colour hybridisation. 



Sample 1 1 Sample 2 




Figure 13.1 The microarray experimental process for two-colour hybridisations 
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RNA Extraction 



First, RNA is extracted from the tissue or cells of interest. The quality of the 
RNA extracted is paramount to the overall success of the microarray experi- 
ment, as impurities in the sample can effect both the probe labelling efficiency 
and also stability of the fluorescent label (Hegde et al., 2000). Snap-freezing 
of tissue in liquid nitrogen, immediately after harvesting, is used to preserve 
RNA integrity. Any further sectioning of the tissues should be carried out under 
RNAse-free conditions (Fernandez et al., 1997). Total RNA can be extracted 
using kits such as TRIzol® (Invitrogen, Paisley, Scotland) and Rneasy (Qia- 
gen, GmbH, Hilden, Germany). Some researchers perform a further extraction 
of mRNA; this results in a purer starting material but has the disadvantage of 
lower yields. Affymetrix recommend between 5 and 40 u,g of total RNA is 
required for their GeneChips™ and 10 n-g'or less is the required amount of 
starting material for cDNA microarrays (Hegde et al., 2000). 

Sample .Labelling 

The mRNA is transcribed in vitro, with the concomitant inclusion of labelled 
nucleotides. The labels may be fluorescent or radioactive. In the case of dual 
channel/colour hybridisations, two samples will be labelled with dyes that 
fluoresce at different wavelengths, with different emission spectra. Example 
fluorophores, available coupled to nucleotides, are Cy3, Cy5, fluorescein 
and lissamine. Wildsmith et al. (2001) have demonstrated that AlexaFluor 
546dUTP™ (Molecular Probes, Leiden, The Netherlands) gives a significantly 
higher signal than Cy3dCTP (Amersham Biosciences, Piscataway, NJ, USA). 
When performing two-colour hybridisations the control sample and 'test' sample 
are labelled with different fluorophores and the subsequent cDNA is then mixed 
together and hybridised simultaneously (Nuwaysir et al., 1999). An advantage of 
simultaneously hybridising control and treated sample is that it obviates the need 
to control for differences in hybridisation conditions or between microarrays A 
specific example of the huge impact this technique has had includes its use 
in the first published account of gene expression data of the entire genome of 
Sacchammyces cerevisiae (DeRisi et al., 1997). In two-colour hybridisations, 
one would assume that the properties of the two fluorescent dyes being used 
are equivocal. In fact, for Cy5 and Cy3 this is not the case as Cy5 has been 
reported to give higher background fluorescence and also is more sensitive to 
photobleaching than Cy3 (Van Hal et al., 2000). In addition, there is evidence 
from several independent sources that the combination of Cy3 and Cy5 dye 
labelling can affect data in certain genes. That is to say, when experiments 
are repeated and the dye combination for the two probes reversed, inconsistent 
results are obtained with certain genes (Taniguchi et al., 2001). Despite these 
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Treated : Cy 3-532 nm 



Control :Cy 5-635 nm 




Figure 132 Two-colour fluorescent scan of human gene cDNA array. The probe mix con- 
sists of DNA from HcpG2 control cells and cells treated with buthionine sulfoximine for 6 h. 
A colour version of this figure appears in the colour plate section 

facts, two-colour hybridisations are widely accepted throughout the microarray 
community and an example of an image is shown in Figure 13.2. 

Hybridisation and Processing 

After labelling, the cDNA is purified (to remove unincorporated nucleotides), 
mixed with a hybridisation buffer and then applied to a cDNA microarray slide. 
The sample and the slide are heated prior to hybridisation in order to separate 
double-stranded DNA. A coverslip is applied (Shalon et al % 1996), or prefer- 
ably a hybridisation chamber is used to avoid evaporation and enable an even 
hybridisation. The hybridisation and subsequent wash steps are carried out at a 
buffer stringency and temperature that enables hybridisation of complementary 
strands of DNA but reduces non-specific binding. 

Image Capture and Image Analysis 

After hybridisation the microarray slides are scanned, using either a laser or a 
phosphorimager (depending on the type of label used). There are many different 
suppliers and models of fluorescence scanner, for example the ScanArray 5000 
(Perkin Elmer Life Sciences, Zaventem, Belgium), GenePix 4000B (Axon GRI, 
Essex, UK) and the GeneArray® (Affymetrix, Santa Clara, CA). The choice of 
scanner is determined by sensitivity, resolution, flexible wavelength, file size 
generated, throughput and technical support available. 

Images are analysed using software that measures the intensity of the sig- 
nal from the hybridised spotted genes (spots), which provides a measurement 
of the amount of cDNA bound. Thus the initial concentration of messenger 
RNA is inferred. Early software packages 'drew* grids around the spots and 
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integrated across the whole area of the grid. This overcame problems associ- 
ated with accurate location of the spots, which is problematic, especially if the 
spots on the printed arrays are poorly aligned. More recent versions of software 
'draw* circles around the spots themselves and perform measurements within 
and outside of this boundary. For example, the background may be calculated 
from a region outside the spot boundary. The intensity of the signal from the 
spot may be calculated using median, mode or mean values of the pixels within 
the spot. Researchers differ in their preferences regarding using median or mean 
values (Hegde et al. f 2000) and this is likely to depend upon the protocols and 
software used. 

Image analysis software commonly is supplied with scanners or can be 
bought from the same supplier. This has the advantage of being opti- 
mised for that specific type of microarray and the benefit of upgrades 
and technical support. Software for microarray analysis is available 
from BioDiscovery (http://www.biodiscovery.com), Imaging Research 
(http://imagingreaearch.com), GenePix Pro (Amersham Biosciences, Pis- 
cataway, NJ), arraySCOUT 2.0 (http://www.lionbioscience.com), NIH 
(http://www.nhgri .nih.gov/DIR/LCG/15K/HTML/imgjtnalysiB .html), 
Stanford University (http : //rana . Stanford . EDU/sof tware) Media Cyber- 
netics (Silver Spring, MD, USA) and TIGR (http//www . tigr . org/sof t lab). 
Important criteria for image analysis software include speed, ease of use, 
automation and the ability to distinguish artefact from real signal (Wtldsmith 
and Elcock, 2001). 

As the technology has evolved and more experience gained, it has become 
more and more apparent that the most significant issues facing microarray users 
arc the processing of the vast quantities of data generated and deciding exactly 
what tools are the most appropriate for data analysis. Because of the enormity 
of this, we have dedicated a complete section to describing the current status of 
this area. 



13.3 Data analysis 

It is important to be cognisant of the fact that the practical laboratory aspects of 
using microarrays are only part of gene expression analysis. Many researchers 
generate vast volumes of data, without a clear understanding of how to manage 
and interpret them. Furthermore, the variability in microarray data confers addi- 
tional problems for analysis. In some cases the purpose of the experiment will 
be a gene-hunting exercise, in which case a cursory indication of potential gene 
biomarkers is sufficient analysis. In other instances, such as pathway mapping 
and screening studies, it is paramount that results are statistically meaningful 
and valid. The next few sections detail some relatively simple analysis meth- 
ods and recommendations for the benefit of researchers with minimal statistical 
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Figure 133 The ideal microarray expezunental design gnH process 

4 

training. There are also suggestions for more advanced analysis for those who 
have the assistance of a statistician or specialist data analyst. 

Most of the steps before, during and after performing a microarray experi- 
ment are optimally conducted with regard for statistics and data analysis. Careful 
planning before implementation facilitates the downstream analysis and inter- 
pretation of data. The following model summarises the entire microarray process 
with integration of the biological and data analysis components (Figure 13.3). 

Hypothesis Generation 

Any study is conceived for the purpose of investigating or obtaining supporting 
evidence for a biological hypothesis. Giving time at this early stage to consider 
downstream implications will pay dividends later. It is helpful if, rather than 
simply stating the aims of the experiment, the researcher asks the question "What 
results do I expect?' or 'what answer will validate/invalidate my hypothesis? 1 . 
This 'reverse-engineering' proves useful in focusing the project, assessing the 
feasibility of the work, providing early preparation for data management and 
analysis and, importantly, in managing expectations with regard to outcomes. 

A good example of careful experimental planning is demonstrated by Golub 
etal. (1999) in the classification of acute leukaemias in order to distinguish 
between acute lymphoblastic leukaemia (ALL) and acute myeloid leukaemia 
(AML). Distinguishing between ALL and AML using conventional techniques 
is known to be a difficult task. The researchers maximised their probability of 
success by choosing an easier, more defined model (normal kidney vs. renal 
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cell carcinoma), on which to validate their analytical methods. In doing so they 
established that their techniques were suitable for classifying tissues according 
to disease and gained confidence in their approach before using the samples of 
real interest. 

Optimisation Experiments 

Although microarrays are becoming increasingly accessible to all, using these 
tools requires experience and it is unlikely that successful experiments will be 
conducted immediately. It is usual that some time is given to optimising a sys- 
tem for any specific application, for example for a given tissue or cell type. 
Additionally, the requirements for a given system may warrant some modifica- 
tions. The standard approach for a scientist to take is to vary one parameter, 
whilst keeping all others constant. This is time-consuming and does not take into 
account the interactions between different factors. Well-designed, multifactorial 
experiments (Box et a/., 1978), provide a faster route for optimisation, with a 
statistical measure of confidence. An example of this technique is in the opti- 
misation of microarray experimental conditions for preparation of fluorescent 
probes from rat liver tissue (Wildsmith etal, 2001). When a major source of 
variation is revealed this can be investigated further with a view to minimising 
it or providing sufficient replicates to account for it. 

Design of Experiments 

Once confidence in the experimental procedure has been obtained the researcher 
is likely to have gained an insight into the reproducibility of the system. This 
assists in the design of the experiments, in particular in determining the mini- 
mal number of replicates necessary. Replication can be implemented at many 
stages - from biological samples through to microarray slides. 

Owing to the enzyme-catalysed transcription reactions, a large amount of 
variation occurs during the probe-making stages in microarray experiments. Our 
work indicated that replicates should be made at this step and a minimum of six 
replicate probes are made for microarray experiments (Wildsmith et a/., 2001). 
These can be pooled or hybridised separately onto six microarray slides. 

Lee etal. (2000) have examined the effect of the different location of cDNA 
spots on the glass slides and concluded that replicates are essential to provide 
meaningful data and to enable reliable inferences to be drawn. 

With regard to commercially available gene chip systems, such as that avail- 
able from Affymetrix (see Figure 13.4), the variation between chips, within a 
batch, is likely to be low due to stringent quality control and highly automated 
manufacture. The use of an automated wash station also reduces variability in 
intensities between chips. However, using a multi-step approach in the probe 
preparation and subsequent antibody binding steps may lead to variation between 
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Figure 13 A The GeneChip® Instrument System. From left to right, the hybridisation sta- 
tion, scanner and workstation. Image courtesy of ArTymetrix. A colour version of this figure 
appears in the colour plate section 



replicate samples prepared on different days. Pooling of reagents within an 
experiment, and analysing controls together with treated samples, will both 
reduce the variability within a given experiment. 

Conduct of Experiment 

At this stage some attention may be required for verifying and validating pro- 
cesses. For example, checking that the imaging instruments give consistent 
results across the slide, on repeat use and from day to day. If two imagers 
are used it is important to verify that the results from both machines are com- 
parable. Some laboratories read fluorescence of one channel and then adjust the 
laser intensity of the second channel in order to obtain comparable readings. 
This is a method of normalising for the difference in intensities of fluorophores. 
It is important to be aware that this approach has a number of drawbacks. The 
arbitrary value of the second laser intensity setting will vary from experiment 
to experiment; thus comparisons of this channel cannot be made across experi- 
ments. Also the response of the fluorophore may not be linear across the laser 
intensity settings and this can lead to additional errors. 

Another area for investigation prior to running the study itself is the image 
analysis component. Depending on the software used, the image analysis pack- 
age may process the data to some extent, for example automatic background 
subtraction. Full understanding of the software is required so that it is clear at 
what point the data are 'raw', and the extent of inherent, inseparable manip- 
ulation. Effort may be required to determine the optimum settings for any 
software parameters. 

As data are generated it is important to be aware of the data integrity - for 
example ensuring that all data are collected, so that there are no missing data that 
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Figure 13.5 The relative fluorescence units (RFUs) of 1248 genes on seven microar- 
ray slides that were hybridised with cDNA made from .the liver of .a cat. treated with 
acetaminophen. Note the gene outliers at approximately gene number 480 

can complicate analysis later. The researcher may be intuitively aware of any 
spurious results and should be alert for anything extraordinary that could indi- 
cate problems, for example hybridisation intensities appearing inconsistent from 
sample to sample. Data analysis at this point can be a rapid indicator of dubious 
results. For example, Figure 13.5 shows a plot of the fluorescent intensities of 
1248 genes that were hybridised with probe derived from acetaminophen-treated 
rat liver tissue. The data appear consistent, with the exception of peaks in inten- 
sity on one slide at around gene 4800. Further investigation of the microarray 
revealed a large artefact that had been missed by the image analysis process 
(Figure 13.6). 



Raw Data Generation and Storage 

One issue that arises when carrying out microarray analyses is how much data 
to store and in what form. For Good Laboratory Practice (GLP) purposes, often 
required in industry, storage of the raw data is necessary. This could be construed 
as the microarray image. Storing the image analysis results requires far less 
storage space and is easier to visualise, but it has the drawback that image 
analysis cannot be redone should superior software be available in the future. 
In reality, the methods used for microarrays are continually changing and the 
likelihood of revisiting old images on which the analysis has been performed, 
using outdated protocols is quite small. 
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Figure 13.6 Portion of scanned image showing region where artefact occurred that caused 
very high signals, which were classed as outliers 

Pre-processing 

A number of pre-processing steps are often used in microarray analysis. These 
include filtering, log transformation, normalisation and background subtraction. 
Filtering may be used before or after transformation in order to extract data ' 
from preferred regions of interest, or in order to remove outliers (see the 
above example relating to image analysis artefact). One example of filtering 
is the removal of individual gene replicates that lie outside a given number (for 
example 5) of standard deviations from the mean. Alternatively, data points that 
lie in the top/bottom few percentiles (e.g. 0.1%) of the data can be removed. This 
method of removing outliers is also called 'trimming'. It is acceptable if there 
is a large volume of data where only a small proportion of data is removed and 
if the same method is applied consistently across all data. Care must be taken 
in the way in which this is carried out in order not to delete genuine data. For 
example, if one gene is consistently high or low in expression across replicates, 
then it is unlikely to be an outlier. 

Another method of detecting outliers is to plot all genes (see the section 
'Conduct of experiment' above) or to perform PCA analysis (see the section 
Multivariate analysis* below) to detect replicate outliers. The use of a PCA 
plot to detect outliers is shown in Figure 13.7. 

Log transformation of data is accepted universally because the fluorescence 
data that are generated from microarrays tend to be skewed towards Ipwer val- 
ues. There are scientifically valid reasons why ratios of raw expression values 
should not be used (Nadon and Shoemaker, 2002). When using two-colour 
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Figure 13.7 PCA plot of data used id Figure 13.4 showing one microarray (number 2) as 
an outlier 



* 

hybridisations it is common to express the ratio of treated to control as a loga- 
rithm in base 2 (Quackenbush, 2001). Thus genes up-regulated by a factor of 2 
have a log 2 (ratio) of 1 ( and genes down-regulated by a factor of 2 have a log? 
(ratio) of -1. * 

Normalisation and background subtraction techniques are methods of data 
manipulation and their use is more subjective and often debated. Trie purpose of 
these techniques is to reduce the error (variability) that occurs between replicates 
and thus enable a comparison of data across samples. 

The theory behind background subtraction is that during hybridisation there 
will be non-specific binding to the slide. This will effectively 'darken* the 
image and give falsely high readings of fluorescent intensity. Correcting for 
the non-specific hybridisation should reduce error due to background staining. 
Background subtraction often occurs automatically in microarray image analy- 
sis packages. The software may circle the spot of interest and use the region 
beyond the periphery as the measurement of background. In cases of uneven 
hybridisation this method enables locally high background to be subtracted on 
a regional basis. One criticism of this approach is that the slide surface beyond 
the periphery is not similar, in chemical terms, to that where the nucleic acid 
has been deposited, and therefore cannot act as a real control for non-specific 
binding. A more accurate measurement of non-specific binding can be gained 
from using a region where spotting chemicals have been deposited, but no target 
is present. This concept is the basis of a method using local 'blank spots' (Wu 
etai % 2001). 

A number of methods exist for normalisation of data. These include normal- 
ising to total signal or to a 'known' spot or gene, standardisation, or proprietary 
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methods. Normalising to total signal is the simplest approach, whereby the gene 
intensity is expressed as a percentage or proportion of the signal intensity for the 
entire array. This method works best when the total intensities for the microar- 
rays are similar and the number of changes is small compared with the number 
of genes. However, we often find, when using arrays of around 1000 genes, that 
pathological disease can up-regulate a large number of genes simultaneously. In 
this case, when total signal normalisation is applied, highly up-regulated genes 
will appear less up-regulated and genes that do not change from the control will 
appear down-regulated. 

Normalisation to a control value is a more popular technique. A control value 
can be obtained from using a gene known to remain constant under the condi- 
tions of the experiment DeRisi et ai (1997) used a panel of 90 housekeeping 
genes for normalisation, but found considerable variation in their gene expres- 
sion. Unfortunately it is very difficult to know with certainty that a gene will 
not change and there is evidence to suggest that so-called 'housekeeping genes' 
are variable (Savonet et a/., 1997). Other control genes can be derived from an 
alternative species; these should not be expected to hybridise. We have used 
yeast and Arabidopsis genes as negative controls for hybridisations of rat tis- 
sues. No orthologs were known to the genes selected; however, in . most cases 
non-specific binding occurred. 

If two or more microarray replicates appear to be different, but they are 
expected to be the same, then they can Ik? standardised. An example of this 
might occur if the total intensity of one microarray is greater than another, but 
the genes are proportionally equally up- or down-regulated. If the microarray 
sample spot data are assumed to be drawn from a normal distribution, then the *z- 
transform' can be used. This requires that the mean and the standard deviation of 
the intensity values for each microarray are determined. The mean is subtracted 
from each individual gene value and the remainder is divided by the standard 
deviation. The intensity values from each microarray will then have the same 
mean and standard deviation. This has the advantage of facilitating comparison 
of microarrays with different dynamic ranges as well as total intensities. If the 
data are not normally distributed, then alternative non-parametric methods can 
be used, such as normalising to the median. 

Univariate Analysis 

Univariate methods of analysis involve examining one variable, or gene, at a 
time. This can be a very laborious task when examining a large volume of 
data, yet it is the preferred method of biologists. The simplest technique is to 
compare control and treated values and express the result as a 'fold-change* 
ratio. Typically, when examining small volumes of data, fold changes greater 
than 2 and less than 0.5 are considered meaningful (Quackenbush, 2001). This 
cut-off is essentially arbitrary and has the distinct drawback that microarray data 
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methods. Normalising to total signal is the simplest approach, whereby the gene 
intensity is expressed as a percentage or proportion of the signal intensity for the 
entire array. This method works best when the total intensities for the microar- 
rays are similar and the number of changes is small compared with the number 
of genes. However, we often find, when using arrays of around 1000 genes, that 
pathological disease can up-regulate a large number of genes simultaneously. In 
this case, when total signal normalisation is applied, highly up-regulated genes 
will appear less up-regulated and genes that do not change from the control will 
appear down-regulated. 

Normalisation to a control value is a more popular technique. A control value 
can be obtained from using a gene known to remain constant under the condi- 
tions of the experiment. DeRisi et aL (1997) used a panel of 90 housekeeping 
genes for. normalisation, but found considerable variation in their gene expres- 
sion. Unfortunately it is very difficult to know with certainty that a gene will 
not change and there is evidence to suggest that so-called 'housekeeping genes' 
are variable (Savonet et a/., 1997). Other control genes can be derived from an 
alternative species; these should not be expected to hybridise. We have used 
yeast and Arabidopsis genes as negative controls for hybridisations of rat tis- 
sues. No orthologs w<re known to the genes selected; however, in . most cases 
non-specific binding occurred. 

* 

If two or more microarray replicates appear to be different, but they are 
expected to be the same, then they can b$ standardised. An example of this 
might occur if the total intensity of one microarray is greater than another, but 
the genes are proportionally equally up- or down-regulated. If the microarray 
sample spot data are assumed to be drawn from a normal distribution, then the *z- 
transform' can be used. This requires that the mean and the standard deviation of 
the intensity values for each microarray are determined. The mean is subtracted 
from each individual gene value and the remainder is divided by the standard 
deviation. Hie intensity values from each microarray will then have the same 
mean and standard deviation. This has the advantage of facilitating comparison 
of microarrays with different dynamic ranges as well as total intensities. If the 
data are not normally distributed, then alternative non-parametric methods can 
be used, such as normalising to the median. 

Univariate Analysis 

Univariate methods of analysis involve examining one variable, or gene, at a 
time. This can be a very laborious task when examining a large volume of 
data, yet it is the preferred method of biologists. The simplest technique is to 
compare control and treated values and express the result as a 'fold-change* 
ratio, lypically, when examining small volumes of data, fold changes greater 
than 2 and less than 0.5 are considered meaningful (Quackenbush, 2001). This 
cut-off is essentially arbitrary and has the distinct drawback that microarray data 
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are not homoscedastic; that is, there is more variation about the mean at low 
values than there is at high values (Draghici, 2002). 

A second method for finding up- or down-regulated genes uses the standard 
deviation (SD) of the replicate gene data. Thus if changes greater than, say, 2 
SD from the log mean ratio are considerably greater than changes associated 
with 'noise', then they are considered significant This technique means that 
when looking at a large number of genes that are normally distributed there will 
be up- and down-regulated genes, regardless of whether there are (biological) 
changes (Draghici, 2002). 

Rather than using arbitrary cut-off values it is far more meaningful to express 
the fold-change in terms of either confidence intervals, or a 'p- value* (that 
is, the probability of the value occurring by chance). Thus, a fold-change of 
l.l may be associated with a p-value of 0.001 and thus the probability that 
the gene is not up-regulated is 1 in 1000. Naturally, such small fold-changes 
may then be queried in terms of biological significance. One must then ask 
the question: Are large fold-changes more important (biologically) than small 
ones? Simple calculation of p-values for two data sets can be obtained using 
f -test functions in standard spreadsheet software. A number of replicates are 
necessary" for this approach, and the data" must be normally distributed. We 
have recently developed a method for calculating p-values for fold-changes that 
is not influenced by the distribution of the data or outliers and applied it to 
TaqMan™ and microarray data. Other complex and computationally intensive 
methods for calculating p-values are described in Draghici (2002) and Nadon 
and Shoemaker (2002). 

Multivariate Analysis 

Multivariate analysis of gene expression data is becoming increasingly popu- 
lar in the microarray community and in other biological domains where large 
volumes of data are generated. Multivariate analysis methods include princi- 
pal component analysis (PC A), factor analysis, multivariate analysis of variance 
(MANOVA) and cluster analysis. Currently, cluster analysis is the most widely- 
used method in the microarray community but PCA is growing in popularity 
(Crescenzi and Giuliani, 2001; Konu et a/., 2001). 

Quackenbush (2001) provides a good review of clustering tools that is rather 
unique in the regard that different clustering algorithms and linkage methods 
arc presented. Clustering methods are unsupervised, and they are powerful tools 
for gaining insight into huge data sets. They enable the data to be partitioned 
in order to facilitate interpretation; however, they do suffer from subjectiv- 
ity. This is because the user selects various parameters, such as the algorithm 
used, linkage type, distance metric and, sometimes, cluster size. Whatever the 
data, clusters will always be identified, thus there is also a tendency to over- 
interpret the data - trying to attach meaning to clusters that may have no bio- 
logical relevance. 
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Software available for cluster analysis includes Cluster, the output of which 
is viewed in Treeview; both available from http://rana.atanford.edu/ 
software. This tool is particularly useful for clustering genes to identify genes 
that are co-regulated. 

The PCA is a visualisation tool that enables complex, high-dimensional data 
to be represented in two or three dimensions. It facilitates identification of groups 
of similar data, thus enabling inferences to be made about the samples. 

An example is shown in Figure 13.8. The figure shows the gene data for one 
sample (control rat liver) that was hybridised to seven microarrays according 
to the method used in Wildsmith et al (2001). Each microarray contained two 
replicate gene sets; thus there were 14 replicate gene sets in total. The gene sets 
comprised 1248 genes (with controls). All the data (14 x 1248 data points) was 
input into the analysis and the PCA plot displays the 14 replicates individually. 
The two axes are principal components 1 and 2. Principal component 1 (PCI) 
accounts for 65.5% of the variation in the data, whereas PC2 represents only 
13%. This means that the model accounts for 78.5% of variation in the data. 

The first principal component (PCI) accounts for as much as possible of 
the variation in the .original data and subsequent components (e.g. PC2) are of 
decreasing importance. Tims, samples 8 and 9 are very different from samples 1 
and 2. In terms of interpreting the PCA plot, it is immediately clear that there are 
three or four distinct clusters of data. These are marked by circles. Datapoints 
tend to cluster in pairs; for example replicates 1 and 2, 3 and 4, 5 and 6, 
etc. These are the duplicate gene sets on the same microarray. This indicates 
that the variation within the microarray is lower than the variation between 
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Figure 13.8 PCA plot of the microairay results from seven slides (2690, 2692, 2723, 2869, 
2876, 2879, 2880), each with two replicate spot sets (labelled 1 - 14), after hybridisation with 
control rat liver. See text for explanation 
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replicate microarrays. However, given that the same sample is applied to all 
the microarrays, we must ask why we get further separation of the replicates. 
The answer lies in the associated data. The four-digit numbers associated with 
the clusters are the microarray slide numbers that indicate when they were 
printed. Numbers that are more similar seem to be more closely related, and thus 
we can hypothesise that there were some differences between the slides, such 
as differences in slide backgrounds or changes during the printing process or 
change-over of batches, between slides in the 2600-2700 region and the 2800s. 

The PCA provides a clearer overview of the data than does cluster analy- 
sis. It is a rapid method for gaining an insight into the results, in particular 
where biological meaning can be attached to the components (Crescenzi et ai f 
2001). There are a number of packages for multivariate data analysis, including 
SIMCA-P (Umetrics, AB, Umea, Sweden) and The Unscrambler (Camo ASA, 
Norway), both of which are useful for PCA. 

Other tools for data visualisation include software packages such as Spot- 
fire.net (Spotfire Inc., Cambridge, MA, USA) and GeneSpring (Silicon Graphics, 
San Carlos, CA, USA). Spotfire is particularly useful for visualisation of mul- 
tidimensional data and for visualisation of temporal data. It is possible to use 
these tools to identify genes (hat are co-ordinately expressed over time. 

Biological Interpretation 

After developing a sound experimental strategy, ensuring that the results are 
statistically valid, and after analysis of the data, it is down to the biologist to 
assemble the pieces of information that have been obtained. This intertwined 
information may include unexpected results that are contradictory to intuition or 
to published literature. One way to untangle the data is to map the relevant genes 
onto existing pathways and known functions. The Kyoto Encyclopedia of Genes 
and Genomes (KEGG), available at http://www.genome.ad.jp/kegg/, is a 
useful source of information, especially where the gene products are enzymes. It 
enables visualisation of the position of up- or down-regulated genes in metabolic 
pathways. 

The gene expression data obtained may differ from protein expression data, 
or information on gene product activity or location. When initiating a study 
it is useful to consider additional endpotnts that can assist in the interpreta- 
tion of the data. For in vitro studies, these might include cytotoxicity endpoints, 
metabolites, key signalling molecules or perhaps protein expression. Waring 
et al. (2001) used tetrazolium dye reduction (MTT) as a measure of hepatocyte 
cell viability for their studies of gene expression in response to hepatotoxic 
insult. For in vivo studies, expression information on the tissue of interest could 
be supported by pathology, histology and blood chemistry measurements. Gene 
expression results could be confirmed by in situ hybridisations or protein activity 
assays. 
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13.4 Recent examples of microarray applications 

One area of rapid progress using microarray technology is the increased under- 
standing of cancer. Molecular pathologists are subgrouping cancers of tissues 
such as blood, skin and breast, based on differential gene expression patterns. 
For example, within a small group of breast cancer tissue samples, Perou et al 
(2000) distinguished two broad subgroups representing those expressing or alter- 
natively lacking expression of the oestrogen receptor-a gene. The work was not 
conclusive, but never has progress in this field been so rapid when compared 
with the previous methods of gene identification. 

Another example of the impact of this technology is in the identification of 
two biomarkers for prostate cancer, namely hepsin and PIM1 (Dhanasekaran 
era/., 2001). 

Microarray technology has also accelerated the understanding of the molecu- 
lar events surrounding pulmonary fibrosis. Specifically, two distinct clusters of 
genes associated with inflammation and fibrosis have been identified in a dis- 
ease where, for years, the pathogenesis and treatment have remained unknown 
(Katsuma et al. f 2001). 

13.5 Conclusions 

Important factors in gene expression experiments include sensitivity, precision 
and reproducibility in the measurement of specific mRNA sequences (Schmittgen 
et a/., 2000). These quality metrics can be maximised by using, or fabricat- 
ing, high-quality microarr&ys, and by optimising each step of the microarray 
process. From conception to conclusion it is important to bear in mind the 
original hypothesis. 

Having considered the complexity of the microarray experiment, the value 
obtained from a meticulously designed experiment should not be underesti- 
mated. As the number of high-quality gene expression studies increases, we hope 
that the literature will contain increasingly detailed information that will help 
interpret complex gene expression changes, and thus elucidate the mechanisms 
of disease. 
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13.9 Useful websites 
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http : //rana . Stanford . edu/sof tware 

http : //www . nhgri . nih . gov/DIR/LCG/15K/HTML/img_analysis . html 
http : / / rana . Stanford . BDU/sof tware 
http//www . tigr . org/sof t lab 
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INCREASING NUMBERS OF HUMAN Dis- 
eases, bom acquired and genetic, are 
being considered to be based at least 
in part on alterations in DNA se- 
quence. For most diseases, inheritance 
and acquisition are likely to be com- 
plex and polygenic. The efforts of the 
Human Genome Project to elucidate the 
structural genetic background by iden- 
tifying the chromosomal positions and 
genomic organization of between ap- 
proximately 30000 and 35000 human 
genes are nearly complete. 1 Based on this 
structural knowledge, a byproduct 
should be a better "scaffolding" to help 
link specific genes to susceptibility to 
various human diseases. However, to un- 
derstand how the products of these ge- 
netic linkages work together to orches- 
trate the initiation and progression of 
particular complex diseases, there will 
be a need to apply a functional genetic 
rather than a structural genetic ap- 
proach. 1 - 1 

Until recently, functional genetic 
studies have generally been of limited 
scope, only able to elucidate the role of 
1 or a few genes at a time in 1 system. 
Information on the specificity and rela- 
tive abundance of expression prod- 
ucts has traditionally been obtained by 
techniques such as RNA Northern blot 
hybridization and ribonuclease protec- 
tion assays. Somewhat more sophisti- 
cated methods, such as differential dis- 
play 4 and Serial Analysis of Gene 



DNA microarrays represent a technological Intersection between biology and 
computers that enables gene expression analysis In human tissues on a ge- 
nome-wide scale. This application can be expected to prove extremely valu- 
able for the study of the genetic basis of complex diseases. Despite the enor- 
mous promise of this revolutionary technology, there are several Issues and 
possible pitfalls that may undermine the authority of the mlcroarray plat- 
form, We discuss some of the conceptual, practical, statistical, and loglstj- 
cal Issues surrounding the use of microarrays for gene expression profiling. 
These Issues Include the Imprecise definition of norma/ In expression com- 
parisons; the cellular and subcellular heterogeneity of the tissues being stud- 
led; the difficulty In establishing the statistically valid comparability of ar- 
rays; the logistical logjam In analysis, presentation, and archiving of the vast 
quantities of data generated; and the need for confirmation^ studies that 
address the functional relevance of findings. Although several complicated 
issues must be resolved, the potential payoff remains large. 
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Expression, 5 have been used to screen 
larger numbers of complementary DNA 
(cDNA) clones. However, technical 
limitations render these techniques 
nonconducive to large-scale genetic 
survey. 

To this end, a powerful new tech- 
nology is emerging, using hybridiza- 
tion to nucleotide arrays, the so-called 
gene chips. 6,7 This technological inter- 
section of biology and computers en- 
ables the reliable screening of a vast 
number of genes simultaneously and is 
amenable to automation. On a nylon 
membrane or glass surface, gene- 
specific cDNAs can be spotted, or oli- 
gonucleotides can be synthesized in situ 
by a combination of photolithography 
and oligonucleotide chemistry. This 



permits simultaneous monitoring of the 
expression of thousands of genes in a 
single step. Individual chips can be cus- 
tomized to include any chosen set of 
fully or partially characterized ge- 
nomic or expressed sequences. Chips 
can monitor over "50 000 unique se- 
quences. The power of these chips lies 
in the potential for comparative expres- 

Author AfflUttonc Department of Dermatology, Weill 
Media) College of Cornea University, New York, NY. 
Financial Disclosures: Or Slnha received reimburse- 
ment for material on hair toss prepared for a Heal- 
thotogy Web cast and received funding from Merck 
for research on microarrays Involving alopecia. 
Corresponding Author and Reprints: AnJmesh A. 
Slnha, MD, PhO, Department of Dermatology, Wefll 
Medical College of Cornell University, 510 E 70th St, 
LC-702, New Yortt, NY 1 002 1{e-mall: ans2003Omed 
.comeD.edu). 

Toward Optimal Laboratory Use Section Idlton 
Oavld H. Mark, MD, MPH, Contributing Editor. 



1280 JAMA, November M, 2001— Vol 286, No. 18 (Reprinted) 



©2001 American Medical Association. All rights reserved. 



Downloaded from www.jama.cora at U.S. Patent and Trademark Office, on June 6, 2006 



DNA MICROARRAYS 



of Norma) 



sion studies in diseased vs normal 
samples, and in documenting changes 
at different stages during the natural 
course of the disease or in response to 
treatment It provides the researcher 
with a new arsenal to analyze under- 
lying pathomechanisms on a grand scale 
and also to review the rationale of thera- 
peutic concepts. 

However* despite the enormous po- 
tential of this revolutionary technol- 
ogy, there are several issues arid pos- 
sible pitfalls that attenuate the power 
of microarrays. First, the definition of 
normal in expression comparisons is 
neither precise nor unambiguous. Sec- 
ond, the heterogeneity of the tissues 
being studied complicates the mean- 
ing of the expression profiles. Third, the 
statistically valid comparability of ar- 
rays is an unresolved problem. Fourth, 
the vast quantities of data create a lo- 
gistical logjam for analysis, presenta- 
tion, and archiving. Finally, confirma- 
tional studies are needed to corroborate 
the biological significance of microar- 
ray data (Figure 1). 

TROUBLE WITH NORMAL 

Hie standard normal vs diseased tis- 
sue type of comparison, which is the ba- 
sic design foundation of profiling stud- 
ies, may be more quicksand than 
bedrock. Normal is not so easy to de- 
fine — neither is diseased Gene expres- 
sion in normal tissue is likely to be de- 
pendent on several factors involving 
patient and sample variation. These fac- 
tors will also have an impact on expres- 
sion profiles of diseased tissue. 

Patient Variation: Ethnicity, 
Sex, Age, Genetic Background, 
Disease States 

The ethnicity, sex, age, and genetic back- 
ground of a patient are likely to affect 
the gene expression profiles of many tis- 
sues to varying extents.** 9 A simple ex- 
ample is provided by the expression pro- 
files of genes involved in scalp and body 
hair follicle activity, which can be ex- 
pected to vary over a normal range un- 
der the influence of all of these sources 
of patient variation. The effects of these 
parameters on gene expression are likely 
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Figure 1. Possible Pitfalls in Microarray Gene Expression Profiting Analysis 
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There are hsues that complicate each step of microarray gene expression analysis. 



tobe subtle but pervasive, not fifllyun^ 
derstood at this time, and quite prob- 
lematic for defining normal. 

The presence of disease in a subject 
who is the source of tissue for control 
purposes, presents further potential 
variabilities. For example, there may be 
a significant difference in the conclu- 
sions reached by 2 similar microarray 
expression profiling studies. One may 
compare genes expressed in a pa- 
tient's diseased lung tissue with those 
expressed in normal, nondiseased lung 
tissue from the same patient, and an- 
other may compare genes expressed in 
the same patient's diseased lung tissue 
with those expressed in normal, non- 
diseased lung tissue from a healthy con- 
trol or normal individual. Moreover, it 
is also possible that seemingly unre- 
lated disease slates may influence gene 
expression at distant sites. For in- 
stance, the presence of diabetes in 1 of 
2 renal cancer patients may compli- 
cate the direct comparison of renal 
tissues. 

Sample Variation: Proximity 
to Dlseaso, Anatomic Location, 
and Developmental Range 

Yet another complication derives from 
the proximity of the normal tissue used 
as a control for the diseased tissue. Tis- 
sue adjacent to an area of disease may 
not be normal despite absence of evi- 
dence of disease clinically or under the 
light microscope. Normal-appearing tis- 
sue near a tumor could, for example, 
be genotypically altered or exhibit an 
altered gene expression profile. 10 * 1 * 



Moreover, factors such as the degree of 
disease-associated inflammation may 
have a significant impact on gene ex- 
pression profiles. Other bystander ef- 
fects, epiphenomena, or secondary dis- 
ease processes could all play important 
roles in determining expression pro- 
files within these adjacent, so-called 
normal tissues. These factors must be 
considered in the choice of normal 

The precise location within a par- 
ticular organ may be another impor- 
tant factor that affects gene expres- 
sion.* For example, just as location 
relative to the urethra may influence ex- 
pression profiles in the prostate, 14 skin 
from the nose, back, and palm are cer- 
tain to have different expression pro- 
files as well, despite all being from the 
same organ. Thus, site and specific ana- 
tomic location must also be taken into 
account in a description of normal. 

It must also be kept in mind that the 
definition of normal actually repre- 
sents a dynamic state. 14 All tissues, 
which are composed of early and late- 
stage cells, have a normal developmen- 
tal range. For example, normal epithe- 
lium in prostatic ducts ranges from 
atrophic to resting to hyperplastic, and 
each has a unique pattern of gene ex- 
pression. 14 . 

A 3-dirnensional analytic approach is 
a strategy that has been used to address 
some of these concerns about defining 
normal. Cole et al H used a 3-dimen- 
sional model to characterize the entire 
prostate gland in theirstudy of gene ex- 
pression profiles in prostate cancer. In 
this study, whole-mount prostactec- 
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tomy specimens were divided into trans- 
verse cross sections such that the entire 
prostate gland, including the complete 
spectrum of normal epithelium and tu- 
mor progression, was available for view* 
ing t microdissection, and microamy 
analysis. This method was used to de- 
termine the exact physical relationship 
. of the normal ducts, premalignant le- 
sions, and tumors — thus obtaining an 
anatomic framework on which to over- 
lay gene expression data. This tech- 
nique offers several advantages over the 
normal vs tumor comparison. Previous 
studies had used normal epithelium in 
prostatic ducts as a baseline control 
against which to compare and contrast 
tumor gene expression profiles. 1 * 16 How- 
ever, the expression profile of this nor- 
mal epithelium is affected fay proximity 
to tumor, location within the gland, and 
developmental state. 11 These factors can 
be better appreciated using a 3-dimen- 
sional approach. 

Disease-Related Variation 

Of course, many of the parameters that 
affect normal expression profiles (pa- 
tient ethnicity, age, sex, and genetic 
background, location within an or- 
gan, and developmental stage) will also 
affect disease expression profiles. 17 " 14 
Disease heterogeneity, including sub- 
type, activity, severity, stage, and pre- 
vious as well as current treatments, also 
may have a significant impact on gene 
expression. 10 " 25 

Categorizing and subgrouping pa- 
tients on entry into a study may be use- 
ful to control for as many of these fac- 
tors as possible. However, there may be 
problems surrounding attempts to de- 
fine microanay-based categorization on 
the basis of another imperfect categori- 
zation system, such as histology, as these 
groups art sometimes arbitrary or in- 
consistently designated. Nevertheless, de- 
termining whether gene expression pro- 
files correlate with existing clinical or 
histological categories can provide new 
insights into the meaning of these cat- 
egories as can new methods of classify- 
ing cancers or other diseases into spe- 
cific diagnostic categories based on their 
gene expression signatures. Several stud- 



ies have been able to establish expression- 
based criteria (class predictors) for pre- 
existing categories and then use these 
new criteria to categorize new cases (class 
prediction). 26 " 18 Global profiling may also 
allow the development of new classifi- 
cation systems based on gene expres- 
sion alone (class discovery). 2930 

Thus, when possible* it will be of 
value to profile a range of normal and 
diseased cell populations from a num- 
ber of patients to distinguish between 
differences in expression that are rel- 
evant to the disease process and those 
reflecting the biological spectrum of the 
normal tissue or that have occurred for 
reasons unrelated to the disease. The 
significance of this dtstincfop is fur- 
ther appreciated when taking into ac- 
count the vast quantity of data gener- 
ated from microarrays and the potential 
for confounding interpretation from the 
inclusion of differential expression un- 
related to disease processes. 

It is worth noting, however, that die 
issues of patient and sample variability 
are not unique to microarray experi- 
ments. In fact, microarray experiments, 
in contrast to classic single-gene experi- 
ments, may actually provide the tools for 
identifying this heterogeneity. For ex- 
ample, DNA microarrays have been used 
to explore physiological variation in gene 
expression on a genomic scale in 60 cell 
lines derived from diverse tumor tis- 
sues. 31 Cluster analysis allows the iden- 
tification of prominent features in gene 
expression patterns that appear to re- 
flect molecular signatures of the tissue 
from which the cells originated. 31 

HETEROGENEOUS CELL 
POPULATIONS 

A further complication encountered with 
expression profiles is that any given tis- 
sue is composed of several cell types, 
members of which are likely to be within 
a spectrum of dynamic functional states. 
For example, a simple punch biopsy of 
the skin may contain keratinocytes, me- 
lanocytes, Langerhans cells, Merkel cells, 
adipocytes, smooth muscle cells of ar- 
rector pili, striated muscle cells of the 
panniculus camosus, blood cells includ- 
ing immune system cells, and cellular el- 



• * * 

ements of blood vessels, nerves, hair fol- 
licles, sebaceous glands, and sweat 
glands. Moreover, cells from each of these 
populations will be at various stages of 
development and levels of activation, per- 
forming different functions and respond- 
ing to disease processes or treatments in 
different ways and to varying extents. The 
result is a highly heterogeneous sam- 
pling of cells, each expressing a unique 
set of genes. An expression profile gen- 
erated from a microarray study of the 
RNA in such a sample will thus repre- 
sent merely a snapshot of the genes ex- 
pressed by ^ plethora of cells at a mo- 
ment in time. Such extensive cellular 
heterogeneity complicates the ability to 
draw conclusions about specific pro- 
cesses occurring within a tissue speci- 
men. An illustrative example is pro- 
vided by Stanton et al, n who used 
microarrays to identify genes differen- 
tially expressed during myocardial in- 
farction. The expression profiles they 
studied represented transcripts from cell 
populations as diverse as immune sys- 
tem cells, which migrated to the infarct 
region and are responsible for the in- 
flammatory response, cardiac myocytes 
within the ischemic area undergoing 
apoptosis and necrosis, fibroblasts un- 
dergoing proliferation and participat- 
ing in the formation of scar tissue to re- 
place the infarct, and cardiac myocytes 
undergoing hypertrophy to compen- 
sate for the loss of cells in the infarct 
area. 33 The issue of such cellular hetero- 
geneity was avoided by categorizing the 
differentially expressed genes into func- 
tional categories to look for patterns in- 
dicative of cardiac remodeling without 
attempting to attribute specific tran- 
scripts to specific cell types. Forgene ex- 
pression studies involving samples with 
mixed cellular populations, further in- 
vestigation, such as with in situ messen- 
ger RNA (mRNA) hybridization, may be 
necessary to localize the transcripts be- 
fore conclusions can be drawn about the 
roles of specific genes in specific cell types 
during the disease process. 

Laser Capture Microdissection 

An ingenious but technically delicate 
approach to the study of complex bio- 
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logical samples has become possible 
with the development of laser capture 
microdissection (FIGURE 2) * This tech- 
nique allows for the rapid and accu- 
rate procurement of cells from spe- 
cific areas of tissue under direct 
microscopic visualization, and thus 
makes the molecular genetic analysis 
of defined populations in their native 
tissue environment possible." Sgroi et 
al* demonstrated die feasibility of com- 
bining laser capture microdissection 
with high-throughput cDNA arrays. 
They showed that in vivo subpopula- 
tions of malignant cells from multiple 
stages of breast cancer progression 
could be separated from nonmalig- 
nant populations, and their expres- 
sion profiles could subsequently be ana* 
lyzed using microarrays. 

The potential is powerful. Specimens 
could beseparated into tissue layers; for 
example, separating a skin biopsy into 
epidermis, dermis, and hypoderaris. Tis- 
sues could be further differentiated into 
specific structural components, such as 
dermis into blood vessels, adipose, ar- 
rector pili, and sebaceous glands. Struc- 
tures could be separated into defined cell 
types, such as blood vessels into endo- 
thelial cells, erythrocytes, and lympho- 
cytes. Cell types could even be sepa- 
rated into marker-defined subtypes, such 
as lymphocytes into CD4 and CDS cells. 
Expression profiles from refined and de- 
fined structures and cell types likely 
would be extremely valuable in the study 
of disease. 

Potential aside, there are significant 
limitations to this technology at the pres- 
ent time. The standard protocols for fix- 
ing and embedding tissue samples from 
surgical resections were not designed 
to be compatible with microarray ex- 
periments, with or without laser cap- 
ture microdissection. Typically, tissue 
suspected of being important for diag- 
nosis and staging is processed through 
aldehyde-based fixatives, such as for- 
malin, which damage mRNA integ- 
rity. 17 If frozen tissue is available, mRNA 
can be recovered and studied from dis- 
sected cell populations. However, fro- 
zen tissue sections are technically dif- 
ficult to prepare, the histology is often 



Figure 2. laser Capture Microdissection 
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severely compromised, and the tissue 
available may contain only a limited 
portion of the lesion. 14 

Moreover, the sample amounts gen- 
crated from laser capture ndcrodissec- 
tlon can be small, even as minis cule as 
a single celL" Consequently, the yields 
of RNA are low. Arrays have a thresh- 
old for the quantity of molecular start- 
ing material: at least 5 to 15 ug for oli- 
gonucleotide arrays and between 2 and 
100 pg for cDNA arrays, depending on 
the manufacturer, the source of the 
RNA, and the use of signal amplifica- 
tion.^ 0 Studies that have successfully 
integrated laser capture microdissec- 
tion with microarray technology have 
used samples of approximately 1 X 10* 
to 1 X 10 s cells with 95% to 98% ho- 
mogeneity as determined by micro- 
scopic visualization.*- 11 If needed, am- 
plification techniques may be used to 
generate sufficient genetic material for 
microarray hybridizations/ 1 Laser cap- 
ture microdissection is an intriguing 
technology, but time will tell whether 
its potential is realized. 

Although some biological issues re- 
lated to gene expression may be com- 
plicated by the presence of heterog- 
eneous cell populations in studied 
samples, it is also true that some bio- 
logical conditions can be understood 
only in the context of these heterog- 
eneous cell populations. The nature of 



global gene expression experiments is 
to uncover differences between 2 bio- 
logical samples, including those differ- 
ences based on diverse cell popula- 
tions. For example, to appreciate a 
disease that is characterized by an in- 
flammatory infiltrate, it must be un- 
derstood that the inflammatory infil- 
trate is part of the disease and is part 
of the difference between diseased and 
nondiseased tissue. Thus, the isola- 
tion of specific cell populations for 
study is not necessarily required or even 
desirable in all instances. 

MAKING MICROARRAYS 
COMPARABLE 

Ideally, microarray experiments should 
be comparable both within and be- 
tween laboratory or manufacturing sys- 
tems, but obtaining consistent and com- 
parable data is a critical challenge for 
microarray-based expression analysis. 
Major sources for the observed vari- 
ability of microarray data include the 
normal physiological gene expression 
variations in different samples and the 
noise introduced in the microarray as- 
say process " 



42 



Physiological Gene 
Expression Variation 

Inextricably linked to the issues of pa- 
tient and sample variability and tissue 
heterogeneity discussed above, is the 



©2001 American Medical Association. All rights reserved. 



(Reprinted) JAMA, November 14, 2001— Vol 286, No. 16 1383 



Dowd loaded from www.janiB.com at U.S. Patent and TVedemarit Office, oa June 6, 2006 



problem of normal gene expression 
variations and how to distinguish these 
variations from significant disease- 
associated changes. Few studies have 
systematically investigated physiologi- 
cal expression changes, but data from in 
situ hybridizations suggest that normal 
variance for many tightly regulated tis- 
sue-specific genes can be within 20% to 
30%. 41 However, there can be as much 
as 2- to 4-fold random fluctuations for 
many gents in yeast. 43 '" Asymetrix 
(Santa Clara, Calif) guidelines have sug- 
gested that for most of the "housekeep- 
ing" genes in human tissues, which are 
"likely to be less tightly regulated, differ- 
ences of less than 4-fold are probably not 
biologically significant. 43 Conse- 
quently, a significant portion of micro- 
array data variability for high- or me* 
dium-abundance mRNAs may simply be 
due to normal expression variations. Sev- 
eral previous studies have used arbi- 
trary 2-fold change criteria to define sig- 
nificant expression change 46 However, 
the 2-fold threshold has been shown to 
be statistically invalid even for dupli- 
cate experiments. 46 In a recent study that 
used cDNA microarrays to profile gene 
expression in samples of normal skin 
from breast-reduction surgeries, 71 of 
4400 genes were found to demonstrate 
variability in expression greater than 2 
SDs from die mean of each gene. 47 These 
included genes coding for transport pro- 
teins, gene transcription, cell-signaling 
proteins, and cell-surface proteins. Thus, 
physiological variation should be con- 
sidered in the analysis and interpreta- 
tion of microarray data. More stringent 
criteria for defining significant expres- 
sion change may be useful. 



Noise In the Microarray 
Assay Process 

For the tightly regulated (mostly low 
abundance) mRNA species, inconsis- 
tencies introduced at any stage of the 
microarray-based assay process may 
play a major role in data variability. 42 
Due to the miniaturization and the large 
number of genes involved, it is diffi- 
cult to maintain consistent processing 
conditions for each sequence across 
multiple assays, and obtaining accu- 



rate absolute signals is unlikely. 42 Noise 
may be introduced by slide heteroge- 
neities, printing irregularities (eg, 
pin-to-pin variations), and spotting 
volume fluctuations. 48 Some of the sys- 
tematic variations may be reduced by 
the inclusion of controls, but random 
fluctuation at various manufacturing 
stages cannot be completely con- 
trolled and can accumulate quickly in 
a complicated assay. 48 

In certain microarray systems, 2 
samples are competitively hybridized to 
1 array using different fluors for label- 
ing. In other systems, there is only single- 
sample hybridization. A 2-color system 
might be expected to be more reliable 
since variations in spot size or amount 
of cDNA probe on the chip should not 
affect the signal ratio (both signals are de- 
rived from the same spot). However, this 
only holds true if signals are well above 
the background in both detection chan- 
nels. 42 In fact, the signal level for most 
of the tighdy regulated genes will likely 
be dose to the background level. 42 In ad- 
dition, background level on a slide can 
also vary significantly from spot to spot 
due to factors such as unevexmess in slide 
surface properties, dust contamination, 
and incomplete washing, leading to high 
levels of signal variability for low- 
abundance mRNA species even in 
2-color systems. 43 

The high levels of variability of mi- 
croarray data also mean that subtle 
changes in experimental conditions 
may significantly alter the results, mak- 
ing it difficult for separate laborato- 
ries to compare experimental data. In 
addition, the lack of standard con- 
trols, the predominant use of relative 
signals {ratios), and the adoption of in- 
compatible data formats contribute to 
poor comparability between studies. 42 

Despite the hard-wired variability in- 
troduced by chip manufacturing con- 
ditions, most of the published studies 
to date using microarray-based expres- 
sion analysis include only limited num- 
bers of replicates 49 In fact, many stud- 
ies conduct the experiment only once. 
Considering the potential sources of as- 
say variation, the need for sufficiently 
replicated studies is underscored. 49 
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Mlooarray Data Normalisation 

Because of variability of microanay data 
for single sample arrays and for fur- 
ther analysis of 2-color system arrays, 
each must be brought into the same 
scale to compare 2 or more arrays. How 
to perform this normalization of gene 
expression levels across multiple ar- 
rays, thus removing systematic varia- 
tion between the arrays and rendering 
different experiments comparable, re- 
mains an issue that is not yet fully re- 
solved. 30 Many of the early microarray 
studies in the literature simply ig- 
nored this issue. A mere statistically rfc^ 

orous approach is needed. 

One difficulty has been that leading 
microarray manufacturers have not 
published statistical error models for 
their products. Thus, users are un- 
clear how much to adjust data for varia- 
tions in spot intensity, hybridization 
patterns, and intensity measurement 
sensitivity. Software does exist to al- 
low for array-to-array comparisons by 
using a scaling factor to normalize gene 
expression patterns across arrays. How- 
ever, in general, these algorithms as- 
sume that intensity differences be- 
tween arrays are linearly related with 
a zero y-intercept. 31 This assumption al- 
lows software to trim the tails off dis- 
tributions of expression from differ- 
ent arrays at statistical cutoffs and then 
simply move the distributions along an 
axis to a common level to provide com- 
parisons. However, this linear relation- 
ship often does not hold true. 31 When 
the average expression level of 1 array 
is higher than that of a second array, a 
longer tail will be trimmed from the sec- 
ond array. Thus, a greater number of 
genes from the first array will be 
counted as being expressed because 
their expression level is above the sta- 
tistical cutoff point. In this case, the 2 
arrays cannot be considered compa- 
rable. 

Although bioinformatic software has 
recently been developed that offers 
more statistically robust normaliza- 
tion, the cost of these commercially 
available programs (combined with the 
already expensive microarrays) has 
been prohibitive for many research- 
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ers. 90 Standardization of these pro- 
cesses awaits the development of im- 
proved methods of normalization 
leading to valid statistical models widely 
available to all researchers. 

To this end, Schadt et al 51 have de- 
veloped a standard nonlinear curve 
technique for normalizing the data in 
arrays that do not demonstrate a lin- 
ear relationship between data sets. This 
model performs well when the 2 
samples being compared demonstrate 
a low number of differentially ex- 
pressed genes. However, when expres- 
sion profiles of 2 samples vary to a 
greater extent, Schadt et al sl recom- 
mend a rank-selection method. Using 
this method, genes expressed on an ar- 
ray are ranked from highest to lowest 
level of expression. Then, for the ar- 
ray expressing a greater number of 
genes, the genes with the lowest ex- 
pression levels are removed from the list 
until the 2 arrays Ust a comparable num- 
ber of expressed gene$!~Thts type of 
rank-selection method has gained sup- 
port from other groups, but it too has 
limitations. 30 Removing low-expres- 
sion level data points restricts the study 
to the more extreme and easily de- 
tected entities, a technique that blunts 
the genomic-scale potential of micro- 
array technology. 

Efforts continue to improve compa- 
rability between arrays. Jones 30 re- 
cently applied a statistical model to nor- 
malize spotted cDNA array data that 
takes into account not only the differ- 
ences in numbers of genes expressed be- 
tween arrays, but also the interarray 
variations in fluorescent dye intensity 
and mechanical error occurring in the 
printing process. Nevertheless, the is- 
sue of how to properly normalize ar- 
ray data has not been settled. Research- 
ers must continue to demand statistical 
rigor in their comparisons before they 
can believe the mathematical results of 
their data. 



LOGISTICAL LOGJAM 

Microarrays deliver massive amounts of 
data on tens of thousands of genes. Hie 
result is an immense quantity of bio- 
logical information that must be ana- 



lyzed, presented, and archived in a 
meaningful way. 

Data Analysis: 

In human studies, the number of hy- 
bridizations that can be performed for 
any set of experimental conditions is of- 
ten restricted by the limited number of 
obtainable tissue samples and by the ex- 
pense of arrays. Restricted numbers of 
hybridizations for each experiment 
hamper the ability to assess the bio- 
logical significance of variation within 
or between given sets of conditions. 
Thus, for the assessment of thousands 
of genes in a setting of limited hybrid- 
izations, the importance of reliable and 
sophisticated algorithms for data analy- 
sis becomes amplified." 

A logical beginning is to examine the 
extremes, that is, genes with signifi- 
cant differential expression in indi- 
vidual samples. For example, a com- 
parison of 2 samples can be visualized 
in the form of a simple bivariate scat- 
terplot in which the expression profile 
of 1 sample (x-axis) is plotted against 
that of the second sample (y-axis). The 
distribution pattern generally demon- 
strates that the expression ratios clus- 
ter around the line in which x is equal 
to y (indicating comparable levels), with 
individual genes falling varying dis- 
tances from this line. Additional lines can 
be placed on the scatterplot to repre- 
sent various fold changes of expres- 
sion. Data points that fall above or 
below these lines represent genes ex- 
hibiting expression ratios greater or less 
than the specified fold change. Thus, one 
can begin by examining those genes that 
demonstrate a 10-fold or greater change 
in expression level. To expand the num- 
ber of genes under investigation, one can 
examine genes that demonstrate a 5-fold 
or greater change, or a 3-fold or greater 
change, and so forth. Many studies de- 
fine a 2-fold or greater change in ex- 
pression level to represent significant dif- 
ferential expression. The 2-fold 
threshold, however, as noted above, has 
been shown to be statistically invalid. 4 * 
Although this simple technique can be 
efficient and effective for focusing on ex- 
panding sets of differentially expressed 
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sequences, again, such an analysis does 
not take advantage of the full potential 
of genome-scale experiments to en- 
- hance our comprehension of cellular bi- 
ology that would be provided by an in- 
clusive analysis of the entire repertoire 
of transcripts in a cell as it goes through 
a biological process. 51 A more holistic ap- 
proach, which allows the deciphering of 
patterns from the entire data set, is 
needed. 

Data Organization 
and Presentation 

Statis tical a lgorithms can be applied to 
detect and extract patterns within pro- 
filing data. It is a basic assumption of 
many gene expression studies that 
knowledge of where and when a gene 
is expressed provides information about 
the function of the gene. Therefore, an 
important beginning is to organize 
genes on the basis of similarities in their 
expression profiles." However, even 
this basic tenet deserves critical con- 
sideration. Similarity of gene expres- 
sion profile does not mandate similar- 
ity of function or mechanistic pathway, 
and it maybe purely coincidental Nev- 
ertheless, the idea of clustering genes 
on the basis of their expression pat- 
terns is well established and cluster 
analysis has become the most widely 
used statistical technique applied to 
large-scale gene expression date. 51 

Although various cluster methods can 
usefully organize tables of gene expres- 
sion measurements, the resulting or- 
dered but still massive collection of num- 
bers remains difficult to assimilate Thus, 
another important component of ge- 
nome-wide expression data explora- 
tion is the development of powerful data 
visualization methods and tools. Ap- 
proaches have been developed that pre- 
sent clustering results in simple graphi- 
cal displays such as dendrograms, which 
represent relationships among genes by 
a tree whose branch lengths reflect the 
degree of similarity in expression be- 
tween the genes. Similarity is mathemati- 
cally defined. 5 * The computed trees can 
be used to order genes in the original data 
table such that genes or groups of genes 
with similar expression level patterns are 
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Figure 9* Real-Time Polymerase Chain 
Reaction (PCR) 
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K ComptemcnUry DMA lynthesb from source mes- 
senger or total RMA proceeds as with bradltkNvtf re- 
verse tran scrip Use PCR. 6, A dual-labeled fluoro- 
genle probe (with a Wgher melting point than the PCR 
primers used for extension} Is annealed to the target 
sequence between the forward and re ve«e PCR pnm* 
ere. A reporter (R) Ruorodirome (usuaDy 6-caiboxy- 
fluorescein) h attached to the S' end of the probe and 
a quencher (Q) molecule (usually 6 -carta ok y - 
tetramethyl*rhodamine> H attached to the 3' end. 
C As Taq polymerase extends In the 5' to 3' direc- 
tkm, the duaWabeted probe begins to be <fispbc«dfrom 
the target sequence. D, As the Taq polymerase con- 
tinues to extend, the 5* to 3' endonudease activity 
deaves the reporter (R) motecule from the probe se- 
quence such that Its emission spectra (91 6 nm) are no 
longer quenched by the second (Q) fluorescent dye. 
Fl uorescence is measured continuously throughout the 
PCR amplification In real time and Is proportional to 
the amount of PCR product generated In each cyde. 

placed adjacently. Clustering methods 
can also be combined with representa- 
tion of each data point with a color that 
quantitatively and qualitatively reflects 



the original experimental observa- 
tions. 51 Visual assimilation is then more 
intuitive. 

Data Archiving and Mining 

Ultimately, successful interpretation of 
gene profiling studies is likely to be de- 
pendent on die integration of experi- 
mental data with external information- 
resources. As multiple experiments in- 
volving multiple cell types and tissues 
from multiple laboratory groups accu- 
mulate, data archiving may well be- 
come the watershed issue. Ideally, all 
data, in a suitably standar dised form, 
would be freely accessible in the pub- 
lic domain. Even assuming a willing- 
ness. M> share the data, such Utopian 
goals would require a user-friendly and 
powerful database system and stan- 
dardization of correction and normal- 
ization procedures such that data points 
from various projects become compa- 
rable. 13 The National Center for Bio- 
technology Information Entrez sys- 
tem (http://wvm.ncbi.nlm.nih.gov 
/Entrez/) does provide useful data in this 
regard, but current databases may be 
limited in scope or computabtlity. 33 A 
major focus of infrastructure develop- 
ment to support genomic«scale expres- 
sion studies will need to be in the area 
of electronic biological pathway data- 
bases and resources. 

CONFIRMATIONAL STUDIES 

The development of more sophisti- 
cated analytical algorithms and data- 
bases will help lend credence to the bio- 
logical significance of differential gene 
expression determined by microarray 
analysis. In the meantime, several stud- 
ies have begun to examine the sensi- 
tivity and specificity of microarray- 
based experiments. Sensitivity, defined 
as the minimum reproducible signal de- 
tected by a given array scanning sys- 
tem, has been reported for microar- 
rays to be approximately 10 mRNA 
copies per cell, which is slightly infe- 
rior to the sensitivity of Northern blot 
analyses. 5 **" Specificity studies showed 
that for a given probe any n on target 
transcripts with more than 75% se- 
quence similarity may show cross- 
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hybridization. 36 The problem of clone 
misidentiflcation and the need for done 
confirmation have also been ad- 
dressed." One study found that of 1189 
bacterial stock cultures, only 62.2% 
were uncontaminated and contained 
cDNA inserts that had significant se- 
quence identity with published data for 
the ordered clones. 59 Thus, the use of 
sequence-verified clones for cDNA mi- 
croarray construction is warranted. 

Additionally, potential gene candi- 
dates can be assessed for relevance to 
disease using parallel technologies. Sev- 
eral such alternative platforms have 
been used to bolster the importance of 
specific sequences first suggested in 
gene chip comparisons including (1) 
methods at the RNA level, (2) meth- 
ods at the protein level, and (3) func- 
tional studies. 

Methods at the RNA Level 

Reverse transcriptase polymerase chain 
reaction (RT-PCR) is a method often 
used to verify microarray data. Al- 
though RT-PCR is not well suited to 
quantitation, the relative technologi- 
cal ease of this assay and the ability to 
rapidly monitor multiple samples make 
it a useful technology. 6041 Hybridiza- 
tion data can be verified and multiple 
putative markers can be screened in a 
short period. 

Several other studies have used real- 
time quantitative RT-PCR (Taqtvfan, 
PE Applied Biosystems, Foster City, 
Calif). 13 * 2 Real-time PCR is a tech- 
nique that increases the quantitative 
ability of RT-PCR by providing accu- 
rate and reproducible information 
on RNA copy number (FIGURE 3). In 
this method, a fluorogenic probe 
(labeled at the 5' end with a reporter 
fluorochrome and at the 3' end 
with a quencher fluorochrome) is 
annealed to 1 strand of the target 
cDNA sequence between the forward 
and reverse PCR primers. As Taq poly- 
merase extends the forward primer, its 
intrinsic 5' to 3' nuclease activity dis- 
places and degrades the dual-labeled 
probe, releasing the reporter fluoro- 
chrome from the quencher label and 
allowing the detection of a fluorescent 
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signal thai is proportional to the 
amount of PGR product generated in 
each cycle. 61 

Northern blot analysis is also com- 
monly used as a confirmational tech- 
nique, as it is a standard specific and 
semiquantitative method. 1547,61 For 
mRNA expressed at moderate- to-high 
levels, and for which cDNA probes are 
available, Northern blot analysis works 
well, but it Is not well suited for low- 
copy mRNA. 64 * 3 Furthermore, only a 
small number of genes can be ana- 
lyzed with this conventional method. 

tfcttads Rt the Protein Level — — 



DNA microarray technology is limited to 
the study of gene expression at the 
mRNA leveL However, it has been es- 
tablished that mRNA levels do not nec- 
essarily correlate with protein levels. 
Moreover, the level of expression or even 
presence of a protein is not tightly linked 
to physiological consequences. An in- 
vestigation conducted byWinzeler et al, 64 
for example, provides a cautionary tale. 
Their study demonstrated that genes up- 
regulated in yeast growing in minimal 
medium did not prove to be more im- 
portant for growth than genes that were 
not upregulated." They found only 2 of 
8 genes required for yeast growth in 
minimal medium to be induced. The les- 
son to be learned is that genes that are 
not differentially expressed may be of 
equal functional importance in disease 
states compared with those that are. 

Furthermore, the regulation of some 
genes maybe at the translational rather 
than the transcriptional level, which 
would preclude detection by DNA mi- 
croarrays. Posttranslational modifica- 
tion of proteins is also an important 
mode of regulation that cannot be de- 
tected by DNA microarrays. Protein ac- 
tivity, particularly receptor activity, is 
heavily dependent on phosphoryla- 
tion, for example. DNA and mRNA re- 
veal nothing about whether a given pro- 
tein is active, and can be deceptive when 
used to speculate about quantities of 
proteins. It has been demonstrated that 
the correlation between mRNA and pro- 
tein abundance is less than 0.5 67 em- 
phasizing that ideally, mRNA expres- 



sion studies should be accompanied by 
analyses at the protein level.* 9 Radio- 
immunoassay and immunohistochem- 

_ istry have been used in a number of 
studies."*** These techniques, how- 
ever, are not well suited to detecting low 
levels of expression, and they require 
the availability of an antibody specific 
for the protein to be studied. 

The field of proteotnlcs, the large- 
scale parallel analysis of the proteins that 
are present in a cell, is developing rap- 
idly, but has problems of its own. Pro- 
teins vary in abundance by many orders 
of magnitude within a given cell, and 

~tfcereis no PCR equivalent for the ampli- 
fication of proteins. Moreover, proteins 
fold in many known (and unknown) 
ways that affect their function. The fea- 
sibility of the microarray analysis of pro- 
teins has begun to be explored . Antibod- 
ies attached to microarrays can be used 
to bind to and quantitatively detect pro- 
teins that have been tagged with fluo- 
rescent dyes. 10 Skeptics doubt the plau- 
sibility of identifying thousands of 
unknown pro teins in this manner. 70 The 
diverse chemistry of various proteins 
poses serious difficulties, and it will be 
challenging to find antibodies for every 
protein. Thus, although it is important 
to incorporate protein analyses into 
expression profiling studies, current plat- 
forms are technically limiting. 

Functional Studies 

Confirming the role of a gene initially 
identified in a microarray experiment in 
animal models with transgene or knock- 
out studies provides a particularly pow- 
erful alternative platform. Transcript 
function, rather than mere presence, is 
addressed. However, this approach is ill- 
suited for high-throughput conditions. 
It may be ideal for an in-depth investi- 
gation of 1 or 2 genes of interest, but it 
is not practical for confirming large quan- 
tities of profiling data. 

Confirmational studies are useful to 
corroborate the biological signifi- 
cance of differential gene expression de- 
termined by microarray analysis. While 
improved databases and more reliable 
statistical models will help to lend 
greater authority to array data, alter- 



native platforms can be used to assess 
the relevance of genes first identified by 
array comparisons. It should be real- 
ized, however, that the alternative tech- 
nologies are not intended for large- 
scale analyses. Realistically, only 
selected sequences from the array data 
can be confirmed with other plat- 
forms in the short-term, a retreat from 
the initial purpose of the genome- 
scale investigation by microarray. 

CONCLUSIONS " ~ 

Microarrays can be expected to prove ex- 
tremely valuable as tools for thestudyof 
thegenedcbasasof complexdiseases. The 
ability to measure expression profiles 
across entire genomes provides a level of 
information not previously attainable. Al- 
though complicated issues must be re- 
solved, the potential payoff is big. Mi- 
croarrays make it possible to investigate 
differential gene expression in normal vs 
diseased tissue, in treated vs nontreated 
tissue, and in different stages during the 
natural course of a disease, all on a ge- 
nomic scale. Gene expression profiles 
may help to unlock the molecular basis 
of phenotype, response to treatment, and 
heterogeneity of disease. They may also 
help to define patterns of expression that 
will aid in diagnosis as well as define sus- 
ceptibility loci that may lead to the iden- 
tification of individuals at risk. Finally, 
as specific genes are identified and their 
functional roles in the development and 
course of disease are characterized, new 

targets for therapy should be identified. 

Despite the problems of defining nor- 
mal, understanding tissue heterogene- 
ity, making arrays comparable, analyz- 
ing and archiving massive quantities of 
data, and performing confirmational 
studies in alternative platforms, expres- 
sion profiling with microarrays stands 
as a truly revolutionary technology. As 
we continue to delve into the possibili- 
ties, we will surely progress in our un- 
derstanding of current issues and com- 
plications. No doubt the ride on the 
high-throughput highway will be ex- 
hilarating. 

Author Contribution: Mi King and Or Stnha both con- 
tributed to the conceptuatitaUon and writing of this 
article. 
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Proteomics 

Kathiyn Lilley, Azam Razzaq and Michael J, Deery 



17.1 Introduction 



There are now numerous organisms whose genome sequences are known, for 
example Arabidopsis (Arabidopsis Genome Initiative. 2000), Drosophila (Adams 
et al. t 2000) 9 human (International Human Genome Sequencing Consortium, 
2001) and rice (Yu etal., 2002). The prediction of open-reading frames from 
these genomic sequences has enabled the comprehensive identification of many 
putative protein sequences. These proteins can be arranged into three categories, 
namely those of known function, those with recognisable motifs and hence a 
vague idea of function, and those with no sequence similarities to any pro- 
tein (Gabor Miklos and Malenszka, 2001). Many proteins reside in this latter 
'functional vacuum* which could represent as much as 30% of the predicted 
proteins. Determining protein function is key to undmrfanHjng cellular mecha- 
nism. Studying how protein expression is modulated in response to a given set 
of circumstances, such as infection, disease, developmental stage, senescence or 
response to drugs, will facilitate the elucidation of disease pathways and thus 
provide a mechanism for diagnosis and therapy. 

DNA chips (mRNA profiling studies) can contribute to die study of gene 
expression in response to a particular biological perturbation. However, the 
extrapolation that changes in transcript level will also result in con 

changes in protein amount or activity cannot always be made, lb \ 

fully, we need integrated data sets from a variety of protein expression studies, 
providing information on relative abundances, sub-cellular locations, protein 
complex formation and the profiling of isofonns generated by either alternate 
mRNA splicing or post-translational modifications. Proteomics is the word now 
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commonly used to describe the discipline associated with the acquisition of 
these data sets. 

17.2 Definitions and applications 

Before embarking on an overview of die techniques used in the field of pio- 
teomics, it is necessary to define a few terminologies; pxoteomics, functional 
genomics, structural genomics and post-genomics are terms that have crept into 
the scientific vocabulary with alarming stealth and are used freely, and in some 
cases interchangeably, especially in cases where the use of such 'buzz words' 
is likely to increase the attendance at departmental seminars. 

• Genome; A genome represents the entire DNA content in a particular cell, 
whether or not it is coding, non-coding, or is located either chromosomally 
or extra-chromosomally. 

• Genomics: Genomics is (he study of the genome, interrogating the complete 
genome sequence using both DNA and RNA methodologies. 

• Proteome: The pro teome represents the complete set of proteins encoded by 
the genome. 

• Prvteomics: Proteomics is the study of the proteome and investigates the cel- 
lular levels of all the isoforms and post-translational modifications of proteins 
that are encoded by the genome of that cell under a given set of circumstances. 

• Functional genomics: This is the study of the functions of genes and their 
inter-relationships. 

Whilst a genome is mom or less static, the protein levels in a particular cell can 
change dramatically as genes get turned on and off during the cell's response to 
its environment The proteome originally was defined over seven years ago as 
'all the proteins coded by the genome of an organism 9 (Wasinger et ai f 1995). 
Nowadays the term 'proteomics' is used more widely and implies an effort to 
link structure to function by whatever means are appropriate. We can expect the 
definition to change again with time as die field and the investigator's view of 
it evolves. 

173 Stages in proteome analysis 

Proteomic analysis can ascertain function either by looking for changes in the 
expression of either all or a subset of proteins, or by identifying binding partners 
for particular proteins and seeing how their interaction is affected by biological 
perturbation. Whatever the rationale of the investigation, or the number of pro- 
teins involved, the study of the proteome can be broken down into the following 
stages of analysis. 
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bvolvcd to disease progressfos as wcD as to etopotai poumnnJ 
targets for Ann] cUiuiiuy and ^^gFTTflis 1 Hon 

COTfBt CtOtDS Of thCSC twhoolsgjc! and 1 

which they hsrc bees applied Is concert 11 
SBcdmcmv © 3000 Fedcraflea of European BtotfiraJcol SonV 
ctfo. MUshcd by Baeitcr Sdcsco B.V. AD rights 



ATcy worts: Gene expression profile^ Maxrorray; Proteose; 
Two^imoisioaal pi* electrophoresis; limimaobiitocbaziutfy; 
Bladder 



I* iDVOdOCtlOB 

II t» oow o little store than 10 yean since Ibe Hud»d 
Genome Project was bunched and daring this rcbtmsy abort 
period or time there have been remarkable odwecs In the 
cositnierjon of phytieal and genetic maps oa well os to the 
identification of gcocs associated with human diseases (1,2). 
Soon, the total trqitmre of the hunan genome win bo deef- 
pbered and, hopefully, made available to researcher! world- 
wide for the benefit of eaanfcmd. 

Undoubtedly, the Human Octtome Project baa paved the 
way to the revolution to the life irin i rai that wo on eapcri- 
caciag today. Gradually, however, its focus is siarting to shift 
towards funetional gcooniics, oa area of the pest-genemie cm 
that deals with the functional analysts of genet and their 
products (see the article by Goffcau to this issue). Techniques 
of funetional genomics Intrude esetbods for gene expression 



*CemtpeodinB attlbor. Fat: (45)451 1-1 1 CO. 
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NEPHG& oofr-equffibriuni pH gradient cfattroptiofriii 



profiling ai the transcript (DNA microaxrayv |l-S); ace also 
article by Brazma and VQa to this issue); duTercntial display 
(6) ; serial aaafyab of ansa eayimtoa c«d ptotens tovtb 
(pioteonusa) QIO^-IQ; see aba oirJcb by Anderteo and Manp 
to tbb) tcrueX a* wcD ju transgeeJoB [1X1 phage display |ML, 
prooedtnea for studying pionJfs^protein intenceioajs QIMQ; 
see aho srticb.by Legraia and Sc&g in tbb bane) and btoto- 
fotmatUs |171> 

Asnoag the techatajues of lurtetional geooniicsv both DNA 
edoroamys CJKS) and references therein) and crotcoeaice |t0- 
12] held great prosslse Ibr tha study of oonsptea blotoajcal 
sys&ans with a pyfita u en s to fnobnuhr snadicnye, These novel 
and powerful gone caujuuun profiling tcchntojocs §iciiuai tha 
anar/sis of the capiesiion bveb of thousands of genes stora)- 
tsAeoajfy both to bcahb and disease. These technologies arc 
oonipltautntaiy, aOow ^^a^ J *t^uig^p" t l and in oaeabtoatios 
are tipnrtfid to generate a vast axaount of gene and protein 
capt t jakaj data that may bad to a better rod rtalandlng of the 
rtgubtory events involved b normal and disease pfcjosaaas* Id 
addition, these technologies oflcr a systematic appiuadV for 
searching for etloctiic taigati for drug discovery and ***^g^— - 



Here^ we review tha current state of DNA ntiofoarrays and 
proteonatcs and highlight conte atudlrs In whteb they haw 
been applied to coraaot to the analysi! of biopsy s pwi ii icii i 



L DNA 



Ibe amount of information that is now buuniiiug available 
to irmirnira in the lift aeiessea b ewprnding; and even 
though the data can be stored to oonvcrtbcnal medb% new 
roethods arc being required to aoajyzc huge seta of genes to 
a rngb-thnraghput taabJoa. For Ihb purpose the DNA array 
technology was developed. The method makes It posttbb to 
survey thouaands of genes in parallel, and has several areas of 
application. One b expression enoeritortog (lil, to which the 
transcript levels of genes arc measured to different physiolog* 
icaJconeScsbttS both in cultured oefls and tissues, to search tor 
regubtory caprcsston patterns. Understanding patterns of ex- 
pressed genes is expected to bnprovc our knowledge of highly 
coj&pJcs, aclw .oika that creu eomrnunioite In hitherto un- 
known ways, both to .bcalih and disease. Another area of 
application b polymrphism analysis |I9). In thb case, poly- 
mo rphic regions of the genome are scanned to search for link- 
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ggr to dnzasa, and to reveal disease susceptibility genes aad7 
or inherited disease gents. A simitar approach has bats used 
to analyze porymorprric rcejoos of known genea, in partrnihr 
to determine whether polymorphisms arc associated with an 
altered fuooioa of the gene product, a fact that may iatmae 
the susotptib3iry to disease. Finally, various oticmptt have 
born made to utilise DNA arrays for sequencing (Kq. - 

Below we rmrw the technology currently ia use for raitro- 
array-geotrated gene expression pattern discovery a* veil as 
some appb'muoas. Tabic 1 provides a set of World Wide Web 
sites that contain useful additional information (sac also the 
article by Branna and Vite b this issue). 

2.1. Mirrvarrty technology 

Microarrayi ere usually made by deposition of DNA spots 
on a solid support lite a coiled glass surface, that differs in 
, firvcral ways from ooov^csal ^Jtcr-bascd supports ecch as 
charged nylon and oitto m l h il osc . The fiatness of the glass 
surface makes it possible (0 to amy molecules in a parallel 
fashion, 00 to cnifiiaturiLc the procedure and (ul) to use fluo- 
resces! dyes for detection. There is oo diffusion of the apphad 
material into the support, thus allowing focusing for laser 
sennorttg microscopy. 

Two main p r oce dur e s have been used to produce DKA 
chips: photolithography as developed and marketed primarily 
by Affymetria toe. fSanta Qara, CA, USA) fbVM) and me- 
chanical griddmg |23|. PhoioUthopraphy is well known io the 
computer chip industry and utilises an ultraviolet light source 
that passes through a mask that directs in a s tep - wise manner 
where a photochemical reaction {ohgnaucteotsse synthesis) 
takes place on a sflfoonired glass surface. The mask con be 
produced with openings as small as n few mscromctcrs allow* 
tng a density of several huadred thousand probes per square 
centimes tr of glass. There b, however, an soncrent length re- 
striction with this in situ synthesis technology fimhaag the 
probes to about 25 nuef entities in tcagth. High-density arrays, 
on the other hand, allow the use or multiple probes per gene 

Mechanical gridding methods are based oa fns>jct or phys- 
ical deposition of the materia] using pins mnnnfartwed with 
very high precision. There b direct surface contact and the 
transport of small amounts of liquid makes these systems 
susceptible to evaporation and contamination with dust par- 
ticles. The griddiog instruments oat on XYZ. morion control 
based oa step engines that can be controlled with very high 
precision. The DNA containing material can be spotted from 
96 or 384 weO pistes to glass la pj ede fma d patterns. 

Ttu arrayed probes can be oKgos (photolithography and 
gndeSng) or cDNAs (grfdding). The bytntdstetlon reaction 
conditions are quite different in the two eases, and rpnoal 
sample preparations are naeded to optimally utilise them 
probes. With shorter probes, le. of 30-50 nucleotides, the 
sample* is fragmented to avoid tertiary structures and to 
achieve optimal hybridization 118,301. Polymerase chain reac* 
tion (PGR) sop lined probes of 300-2000 nucleotides usually 
do not require fragmentation of the sample (Uy 

The type of glass used as support, the coating substance, 
ths coupling technique, the bbeUing system! and the ftiorts* 
cent labels used for oeuctioo are all variables that must he 
optimised. A number of coating substances are commercially 
available to ia mobilize ONA to the surface. Two types of 
slides sre available that use a coating p r o ce d u re designed 



for emoting of amine modified DNA: fhese include (?) «&> 
lated slides, which contain renctra aldehyde groups that read 
with amko-groups via a SchbT base formation as the printed 
DNA dries on the surface of the a&de (aintimotc from Tcte- 
chem tat, CA, USA; Oil Associates Is*, TX USA; for 
coupling cficmistry gee htlpJrwww.afTnyitaurnJm^ 
coupliogO and (o) activated slides prepared by the covalrni 
attscamtnt of a hydfophihe* polymeric amine iinttiwi coating 
lo sitane base-coated s^ao^ as described by Bcw 
04] (available from Soraaodim Inc. MS. USA). Ambt-meo?- 
6ad DNA attaches covarentiy to the actrvatedL cttryotcrfc sur- 
face. 

Three other types of slides arc available that are based oo 
snore coovoitional nnm obfTg at ion technology routinely used 
in meobranc immobilisation: these include (t) scanned slides 
which carry enveleotty attached prirnary n— *p*t oa the sur*. 
sane that eaa form tonic hoods with tcvpaospteSe hsofcfet** 
ot neutral pH. In anttitien, the rerficej-based coupling between 
thyinidine residues on the DNA and carbons' on the attyt 
aaune of the snbstrste oaa he induced with UV or hcat^prw* 
vided by oompania Kke Tctechcm Inc. CA, USA; Stipe* 
AbJifch, lac, MO. USA; Contiog, Inc., NY, USAk(Qn1ts*» 
caihitDsn^BJed porymcpcosted shoes that pus star ths btodmg 
and bamflbiuiTT^O'O properties of fu*trootSutoss that Mods 
DNA ia a oon*oo*esast * hut iiiivtisibte rmnorr (Srhfrirtser 
gad SchuctQ, and (5i) pc4y*lysinc<oatod sUda which require 
UV cforfTfnking of the DNA (tmtilabte from Sigma Aldrich 
Inc.. MO, USA; see ate topfkwipn jtoter&Jo M ylb wmJ 
pjxflccoU/l_s^dcs»rujTtt). 

U. QuBHttiattog the Jtgnalsjrtm arrays 

A linear response that covers two or three orders of mag* 
atnrde is often Beaded to detect low aad high copy number 
transcript) oa the same amy. Ca cases where thai b not pos- 
sible It may be cexxssary to scan the chip at different wave* 
i> ^g* > »^ or to aaspfUy the signal with an immuan sandwich oo 
•op of the bound sample (25). In the latter case, the first 
scianmg Is carried out after hyteidizBtioo of the IsheOad aan> 
pie, aad the cecoad aitcr feactioo with the ahcOed aadaocSca. 

It Is Huaiiary to rtmiioxni the nttearity and eeptrc^udhfitty 
in each step of ths e^roceelure, aad soint times cveei trom probe 
to probe to obtain rcfianta data. Often, a standard sample b 
used to compare with the cxperteenul sanrpJe and tab may 
comprnsatr for differessoes in hybridisation from probe to 
probe. 

2,3. StBtdordisnttDM 

Coojparbon of data obtained from mdepeodeat arrays aad 
from different mbontorfes requires cts^tdardamtioa. Both the 
Actymctria chips and the custom made eDNA chips use differ- 
eat aerthods for standnrdwtion. The AnVmetria drips have 
.apprnsimatcty 20 probes per gene and staadnrotetioa Is ci* 
thcr eased on the expression level of selected puce, fiae actin 
aad OAPDH, or oa a setting of the global chip inttnsity to 
approiimatdy ISO units per gene on the chip, la this way. 
chip data from c^erent captrimtnts can be compared to each 
other. Ia our hands, the dam oblaimel with the two standard- 
isation methods differ only by approximately 10% (unpub- 
lished oewvaoons). 

'The cost eo>made cDNA or oligo arrays also laquira stan- 
dard tsab'oa, hot thb b a comptea problem, fa general the 
standard used often reflects ths purpose for which the array 
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was produced For example, for exprcssioa monitoring of 
breast cancer ceils, a couture of breast cancer cell Uses may 
provide o good standard (26). Today, bowevd; - there a oo~ 
go Men standard thai can be used for all purposes tod as a 
result, it b difficult lo compare data from different laborato- 
ries and often it is necessary to use other technologies such as 
Northern hybndbatioa, rcaMiae PCR or urtmunostaining to 
validate the signals. A niaunuaa requirencot b that bbora- 
tones that produce arrays themselves should be able to fcpro- 
duoe data from oac chip generation to the not based en the 
analysis of wdWefined coatrob covering different genes and 
espressos levels. In addition, H is common to use spiking of 
samples with bacterial genes that hybridise to probe*, spotted 
for control purpose on the arrays. 

2J. Sampta for expression monitoring 

The analysis of rebovefy homogeneous ccO populations 
(dosed cell Uses* yeast, etc) has proven much simpler than 
the analysis of tissue biopsies as the latter often contain many 1 
ccfl types (epithelial, endothelial, inflammatory, nerve, muscle, 
and connective tissue ccQs) thai are present m variable 
amounts. Standardization may require mtctodsasctioo of. 
the tissue to isolate specific cell types (27,21), although the 
oumbcf of odb needed for the assay is well above a miffion. 
Sampling of specific edl types using laser capture nuvodtsxec* 
lion (IjCM) (39) can be a thm>confinning task, and given that 
mRNA is prone to degradation the processing vac must he 
kepi to a rninimum. If only a small amount of material Is 
available, then a revcoc tramxription-FGl step Is iwuasaiy 
for amplification, but tab adds an additional compBcarfon 
doe to the lack of smear amplification of all transcripts. In 
one of our laboratories we have used preparations of single 
cell types from tumor biopsies to standardise pooling of sam- 
ples for genera ting profiles of gene expression at different 
stages of tumor devetopment (manuscript in preparation). 



2 J. Bicinforrnatic anafyjis of expression data 

2.5 J. HUrardttcaS thutwr atgariiPun*. Hierarchical duster* 
ing algorithms can be divided into two types: sggfonw relive 
and divisive (Fag. I) (30J. The eggjomcrativc method is a hot* 
tom-up approach, where the algorithm starts with * stparate 
dusters (for osunpte 4000 gcecs, where «o 4000) end 
sivery combinca clusters until only one b left. The 
method, on the other hand, b a top-down approach starting 
with one cluster and surcessrvdy splitting chatters to produce 
others. The algorithm used to form the dusters must also he 
defined: two widely used and simple algorithms are the single 
fioaage and average linkage methods, respectively. Single fink- 
age, alto called nearest neighbor, defines the diets nee btfWoin 
two dusters as the minimum distance over aD pairs of dusters. 
Average linkage takes in ccmsiderotion the overage distance 
over all (30). 

A distance matrix must be calculated before clustering b 
performed, and it b the distances between the obtained gene 
caprcssioa profiles that are used to form the actual clusters 
(30). Observations with small duiancea arc grouped together 
as described above. The two most commonly used distance 
mcarorrmtou are the Euclidean distanro and the Pearson 
correlation coefficient. 




Fig, |. Two mab types of crastsrbg nlroritoma, the btrrarchiml 
and tat aoa-hiiiiiirhTral a^orflhan. 
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*a b the cscaaurcrAeot for tttrttifc variable cm sampling unit 1 
F« b the variance or the Mb. variable (SOJIJ. 

Z3J. No*-&UrertAkm! chattr algorithm*. In eon-bier* 
aiehtcal duster anarjrsb it b avnunni that the data can be 
divided into a certain number of dusters and that they are 
wdl scparatedL Tan advantage of tab approach b that targe 
dsta seta can be clustered much faster than by using hjcrsrcfti* 
eel cfnytcring because a lower number of dusters fa assigned. 
The most ccsnmoa snrthod for UQiHcusrerceusnl cfuster anas* 
yds b A^neana. Kowevcr, a ss e t ho d taiusud self «orann bed 
maps (SOM) has seceaatly been applied to opresrion data 
generated from DMA chip arrays P2*3JJ- The fcroceas 
od fJ4J identifies Ik points that functioa as ctustci 
Each dau point b then assigned to one of these centers in a 
way that mmrrmrri the asm of the diftanm between aD 
points and their centers. Thus, it b the distribution of points 
that decides the value of the oseana. One drawback of thb 
<w»tt»«^< tf ttf t m m i tt m RMShe? of dusters b easnmed. as 

the aumher of dusters b usually unknown in large data 
SOM b stmHar id the A-cnceas approach, hot h has a 
cmfigurasoo and the nun her of ooto predefines 
thb confignratmn. Initially, dam points arc mapped onto the 
geometrical cemffgparsjtioB* vVbco cfustering the data with 
SOM the cmehlon of n node esterases to fit the data points 
during successive rtrratrons PU3). 

2.Xj\ AawrsCteaT cssssfAJasf tan. Common to the clustering 
methods m which array data are used b that they am unsu- 
pervised, lew ao pmfrtlnrd references are lcoow©. An alterna- 
tive option b to o uuatiuu a supervised classification method 
that requires at bast two references. For cancer classification, 
for example, the references could be the gene oprccrioo pro- 
files from oormal and mvastve tumor tissue, la thb partrnrfat 
case, a vector "ff-n'rrifl gene capirssion over #• genes can ba 
used to describe each tissue 05,36}. to • recent ertscb by 
Oohm and co-workers (36), the aathofs analyced 6117 gout 
using 38 bone tnaii o w eamples. Based on these 31 temples 
they round that a vector baaed on 10 and 206 genes was. ' 
sufficient to distinguish between acute myeloid unikenda and* 
acute rymphnblnstic teukemia. Thus, the authors were able to 
oonrtruct a cancer classifier based on a low aonsber offence. 
Using a similar vector-baaed chuesntr approach. Brown and 
eoumfcen pTJ aaarytcd 2467 yeast genes in 79 dumrcnt ea- 
eesunents and were abb to classify genes Into functional cat- 
egories based on the es^tcssroo data from DNA crop arrays. 
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2j6. Applications of arrays for CJprtuwn monitoring 

One of the main ertxs for amy application ii in tht smut- 
taneous monitoring of ihouund* of iranscripUTb different 
biological scttiop. The approach b bang used to identify 
ntw networks ond to' understand pattcnu of a pressed gems. 
A number of articles have been published us eg the amy 
technology aiming ai identifying 4bxa*e*assodatcd altrcatiora 
in humans. For this purpose dinical samples, bunas cell tines, 
and m a few cases aoonal models of human disease ban been 
used. 

2.6.1. Gen* uprexnen profiling of tiuve btepsits, or// tint? 
. cjtd animal medtts ofditeau. 7.6, J J. Ttstvt btopsit*. Gene 
eapmaon studies os clinjcaJ samples have ben performed m 
breast and ootoa cancer p6.ll), as well as in atherosclerosis 
f)°.4€). Genes of presumably- known functions have bees 
identified and linked to the diseases; most of these data are 
now evaaabtc in the Internet {Table I), to a study of breast 
cancer thai used dinical spec imens and cell lines, with aa 
amy containing apprpxinuitcry 3000 genes. Paw and coV 
Icagucs (76] identified a proliferation related gene duster in 
the cell line that was unregulated is the mom aggressive clin- 
ical breast tumor sptrnwrn s flo). Is a similar study of cotan 
cancer based on the Affymttrix arrays, 48 ESTs bomotogaoi 
to ribosomal proteins wen found ta be unregulated fa the 
rumor tissue (31). Is mil study, a muscle index was used for 
cvrrcctmg lor the stromal oomponeritB os this showed o high 
index m the normal biopsies. Both the breast and the cob© 
cancer stud to l ac k e d, o corielaojon between gene expression 
Irvds in the odl lines and in the dhncal ipecnscns. 

Human athcrosderosis tenons from artaria carothi sampled 
from pascals oodcrgeing surgery have also bees analyzed 
usmg the Aflymctrix expression arrays (46% Oct caportaet 
finding was a five-fold upregulatioa of the carty growth re* 
spoase gcoc Egr-I, a DN A binding protein that faftienccs the 
transcription of genes encoding growth factory cytokines, ad- ' 
hesioo motocuks, and proteins related to coagulation. This 
fin dtag was corroborated by bononohistochabtry and asfr> 
mal experiments, asd rdcnttftrd EgM aa a possibSa target tor 
therapeutic intcrvcntioa. 

Z&/.J. Grfl foes. Several studies based oa expression 
monitoring bave beeo pcrfoiiacd m human cdl lusts la areas 
as diverse as cancer f41J, ophthahnrHogy (4?K> end the central 
nervous fyrteo (43). Arrays have also been used to ttedy the 
effect of cytokines Gnterfcrons) (44], cytoeaegatorirus tafection 
(4% end oncogene transection (46] on the overall patterns of 
gent aercssion. In one study, human foreskin fibroblasts 
were infected with human cytemegalovina and the es pi e ssius 
of appiosimatdy 6000 genes was monitored for op to-24 h 
(45). A total of 258 genes was found to he unregulated more 
than four-fold. These induded HLA-6 (up regulated eU-fold), 



a protein that pTOtnets agsinsi cytotoxic T-tyophocytcs; ROf 
SSA (52 kDa protein caRNA; unregulated 12-fotdX a com- 
monly targeted autoasufox as wed aa several cornpoaeots of 
the patnway that produce prostaglandin C2 from arachtdonic 
acid. Is another study, it was shown that ucacment of the 
human fi brosarcom a cdl line HT 1010 with IFNs o. 0 nod 
7 rciulied in the uprcguttoon of novel genes implicated in 
xpoptojis (RAP467 Bag>l. scramblase), while gjmes like 
IOM and ZoTO were strongly dewn/tgulated (434). ~ 

The effect os gene expression of the fusion oncogene PAX*- 
FXHR transfoeted toto NIH 3T3 cells has also been studied 
using mferoamys (46). It was shown that the fusion gene, but 
not the wild type control was able to activate a myogenic 
transcription program that included induction of o number 
of transcriptios factors such as MyoD. myopnin. Six I, and 

^Shj* „ . 

- £A/«Jl Att/msft moaW systems, : "A" common approach to 

the study of human diseasa it to use animal osodd systems. 

this has been dose for o range of diseases induding encepha- 

bmyewpathy, lymphoma, renal tubuli (23), asd rung fibrosis 

(471 ■» ** tetter case, Asymetrix chips were probed with 

pooled samples obtained from groups of ass essxsals to rcduoa 

variations and oast. Transcripts that were sisjstScanUy altered 

in hmg fibrosis (47) cxtrecaOufau? tsatrix nod inflans* 

esatory response genes, Analysts of dusters containing ihcaa 

genes In a time course experiment with the SKII MAE PRO 

3.0 program rgvesmo Querent unupmeJ patterns of eaprcsxtot) 

that farther nibdMded these genes. 

7.6J. Toadeohgy one* oViaj usttxg. Prom a toxicologieaJ 

pomi of view, there are greet expectations for exprcssioo moo* 

itoring as the csTaet of eTrogs, bom expected asd unforeseen 

stde cfiooBV ens bc.oionitored fas anunab) nnd evestuafly os 

humans (49^*9). One problem that baa axrseo from these 

studicSt even tn o^ita sfanpla modd syitrma, Is the oftsa* 

unri plained changes in transcript teveb observed. These 

changes are cjuite eepjoehttSbtej suggesting o stuch mom cons* 

plea relationship among gcoc psoetucts than ptcvioosly . 

thought |49). 

The combfaa tr os of gene eiprtsjion snonitoristg and i# r*^ini 
of drop on cdl uses and m animal models holds greet proas* 
ice. A recent puhhsation showed that the variation in the Uver 
CJUjUusiun of gesas es eo ding aesobiotxe mitahoTiiiag os- 
tpmss, ghiuuhtoao rrgutators. OKA repair cstsyrscsv beat 
shock proteins asd housekeeping gjenes is larger among isthV 
'vsdual asssah) than that fcucdvosd by the array assay itself 
(49). These studies repealed the upregjulattoo of cytcxhmoxea 
eves at low doses of ^napothofisvent trcntmcot and showed 
a good correlation between the army and Northern bybrtdi- 
rstinn dxta. A reoect serecozng uxfng cONA enfcaeonays of 60 
human cdl lines toad by the National Gaocer Institute for 
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drug discovery, has fenced the basis for cstaWisbiag a data- 
base that cao be linked Co gene aprcssion data sad molecular • 
pharmacology |4I,S0). 

2.6.3. AfoUaJar classification ofdixtnsu* Qassmatioo of 
disease cao generally be achieved by class discovery ami dan 
prediction IJfl. Class discovery refers to the tdeotificatioo, 
based oo gene mprcssioo, of previously unrecognised sub* . 
type of the disease. U cfaucal follow-up nuterial b avaflsbfe 
these classes cao be related to signs aad Symplon, disease 
course, treatment outcome, and mortality. Class predtcttoo 
refers to the ability to assign a partiCDJar patient to an already 
defined dais, based on molecular examination of the 
tissue or other specimens. 

Two recent examples have demonstrated the power of ex* 
pressioo arrays to classify becaatologsca) malignancies, to one 
of these sftid>*« Irutcsias were thsss&zA es AMI* and AL£* 
respectively, based on SO gene echoed from an array carry- 
ing 6117 genes, lo this study, 36 oat of 98 pattest* were 
correctly daxufied, aad two were uncertain. The SO genet 
used m Ute array inducted come that were known to differ 
between AML and A LL, as weO as new matters 06} 

Another study classified B-ccfl lynipbotaas into two anise* 
uUrly distiact ctasscs that rejected different atage of sVocO 
' differentiation, the germraal ceater-nkc and activated feVocD 
tike lymphoma groups, respectively. For this study the lym- 
ph ocbip cniooarray from Research Gent oca, which boms 
I78S6 gene, was used. Follow-up for 12 years showed a aig- * 
oificant difference in survival among these groups (SI), 

It b envisaged that global surveys of gem enprcssion wiD 
identify marker gents that, may be used to group patients Into 
motocularty relevant categories; these marten am capectnd to 
greatly improve the precision and power of clinical trials: 

77. Condaiions 
There is no doubt that the massive parallel gene sajnution 

-' infermadon generated by rnfcroamys wiU have a major im- 
pact in the discovery and understanding of patterns of ex- 
prosed genes, lo addition, the technology a apected to gen- 
erate novel and effective targets for drug discovery and 
provide, in combtaatido with pro teem tea, valuable toots tor 
the entire process of drug development and evaluation. 

One of the main challenges we foresee in the future wOl be 
to solve the problems posed by the analysis, interpretation 
and access to the targe amoam of m/6rmaUon that win be 
generated. Large studies of ESTS have oot been puUbbcd yet 
as dam analysis requires the development of new btocafor* 
made toob that can deal with the' huge amount of brfbrma- 

.lion that is being created; These studies arc ciprrtrd to Iden- 
tify new genes of importance to specific biological processes 
and reveal new regulatory pathways through the anaJystf of 
the eapression levels of individual BST*a in targe numbers of 
samples. 

In the future, coupling of ciprcoioo tBOsitoriag to trans- 
genic animal models may prove to be quite rewarding as the 
global effect of a gene knock-oat or knock-in can be moot* 
torcd with both microanays and proteomia tools |I0} 

X Prcteotnto 

A complementary technology to UNA mieroarrays for 
monitoring gem c&preisSoa is provided by protcomics. a 
term generally used to cncapsulste aO of she technology cur- 



rently available to analyze global patterns of asm eapression 
at the protein level, rrotcras arc frequently ibc funtsiona^ 
molecules and, therefore, the most Itotry to icffaet dhYcrtuats 
in gene opimton. Genes may be present, they caay be tm> 
ttscd, but they sue not necessarily transcribed. Some tncssss* 
fltrt arc transcribed but not translated, and the number of 
mRNA copies docs sot necessarily rtfioct the number of func- 
tional protein ootocufes (S2). In addition, pTOtcomics uoV 
dresses problems that cannot be approached by DNA anary- 
an\ namely, relative abundance of the protein product, pest- 
transtauoaal modification, subcellular hxalisatioa, turnover, 
in tera ct io n with other proteins as well as functional aspects, 

The pretcome has been defined by WBkasa and colleagues 
as the c omp le te set of prctfeins encoded by the grtmnrt fSJl 
aad recently, the term baa been broadened to include the act 
of prxukz COTssed both in space aad fieec There arz toe 
mata approaches to pioteoiuk s: one b the eapression model 
in wbicb all proteins arc analysed, and the other b foe cell 
map modri in which only a selected an of proteins, Gfcx ccms- 
pteaci and c^geneJtea, are studied (54). 

The muuuauL technology b complra. aad uwipt b sj a 
pkthora of state of the an tecsmiquta to resolve (high resn- 
tuuon rwodtmcuiiDnal gets)* Cjuantltate frhospe^oruxu^sT, 
special scanAcrsX Identify andV^haractciue proteins (ealsjosn- 
qucnclngj mam spectrometry), as weO aa to store (jrwe^d^asen* 
clonal B^otyactytamtda gal electrophoresis (2D PAGE) dam* 
bases; bt»:0biobasc/Ba^ tecp^tasmajyAcugexhf 
apmi/tprot*tDp<bual) communicate and mttrVak protean and 
DMA seqvtcacc and snapping Worms tton (biomforensttes) 
(I0.I2JS-S8] 

The nsttubtss of the 2D PAGE technique for large-scale 
protcomjs projects depends very much on the number of pro - 
teins that can be resohed in a compla protein miaturc, for 
example a bumaa ccflL Woteomc profile data from a few lab- 
oratories, bcluding one of our own, have tndkafrrl that only 
a fraction of the human genes are switcheet-cn fas a given cell 
type andotenrJve aawiysb cTwtokceOcatracta^ora^auttaas 
weO as partially purified aubceUuav fractious, suggest that 
individual cells may not caprcss more than 4000 primary 
traastation products |S9). To this cmnber cms baa to add 
the posters nslarional processing and ctrmtral inodh>ailrms 
fehospboryftstion, gls^nosymtloo, demcthymtlon« acefysatloAv 
nryruaoybtiou, palmltoybtsoa. sulmtron. ubiquinatton, etcX 
the latter being rather common and aa tana tv a in many pro- 
tetes [60u6 1). Thus, as we stand today the 2D PAGE technol- 
ogy is ool abb to resolve end depict b a single gel aO of the 
proteins thought to be present in a enarmnariasi ceJL 

Currently, there b a great deal of interest in protecmlo as 
appumuoas of tmy technology am aapactcd to reveal gene 
rcgulatjon eventa mvedved b doesoe progression as wall as 
poumual targets for drug cUseovcry and dbgne^sues. More* 
over, the uaumotogy b bound to have a great impact m agri- 
culture, tosieelogy and the bduitry la general, 

■ 

J./. Ptottbt itparortOM: fat 2D PAGE iedunhgy 

For the past 2d years, high resolution 2D PAGE has been 
the technique of choice for analyzing the protein conjposiUon 
of cells, tissues and fluids, as well as for studying changes in 
global patterns of gene eapressinn dieted by a wide array of 
effectors (12,62-64). The technique, which was originally de- 
scribed by OTarreO [6S,oo] and Klosc ftfTJ, separates proteins 
both b urms of their Uocleetric point (p/> and eaoreeutar 
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weight and provides the highest resolution for protein saaty- 
sis. Usually, one chooses a ocroditioo of interest, for mmfifr 
the addition of tcnun to noo-differentiated humaa.kcntino- 
cytcs, or compare norma) and timnsfo rated ccOs (Fig. 2A.B), 
and tet the ecus reveal the global protein response as aO de- 
tected prof tint can be analyzed botb qualitatively (posMrans* 
lattanaS modification) and quanb'utrrcry (retitive abwsdaoot, 
co-ordinated expression. Fig. 2Q in retadoo to each other 
QS5,6e1 and references therein; see abo httpi/biobasadk/ 
cghbin/ocUs). 

For many yean the 2D PAGE technology relied oa the use 
of carrier ampholytes (amphoteric compounds) to establish 
the pH gradient, but tbb technique has proven to be difficult 
because of the Iscfc of reprodua'bflhy created by uneontrol- 
fable varisiioas m the batches of ampholytes used to generate 
the pH gradients. Lately, however, with the inuoduction of 
mroobflized pH gradients (IPOs) (69,70). which are roteayil 
pan of the polyacrytajiride matris, it has boa possfbtft to 
obtain focusing patterns that' can be easily lepjoduoed by 
die nonexpert. IPGs avoid some of the problems associated 



with earner ampholytes such as cathodie drift and 
sis, ftltew a bi|htr toadiog capacity for laiuuprcuaretrvs runs, 
and provide increased charge resolution when narrow pH an* 
dienn (0J03 pH uailfcm) ore used (179.71) and references 
thmxa} In our hands, however, carrier amphorytts (3.5-10, 
Fig, 3A) and broad range IPOs (Fig, 3B) rtsolye similar rroiD- 
bcr of f^S^bioaise IsbcOed puljpiptidti (about 2300) as 
Wusirated with the separation of whole protein eairactt from 
bbsSsd human aeratioocytcs fHJ. It has been proposed that 
narrow range; overlapping IPO fractals viewed side-by-cidt 
may provide a solution to the problem of resolving and de- 
picting the protcome of a gpven ceU type. Recently, however, 
Cbfihab and co-workers found this solution unrealistic, as h 
wiD require the running of a huge number of gels f7 1] 

Very bask polypeptides have proven difficult to resolve, 
although both earner ampholytes (aoitcqufflbrium pH gjra* 
dicot electrophoresis, NEPHOE) (66.73) and IPOs (P-12 and 
4-12)070] and refcrtsoo therein) have beco showo to atpa- 
ntt basic p r ote in s. 

One of the most important steps to the 2D PAGE techno*- 
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Fig. X Noixufturcd nona&J human icr&umocyu amides •eparated tumg (A) cejra aembalyiei 0.S-4O) sad (0) IPOi 0-1 Q). A far proufca 
ore indicated for reference B fa from BjdlaVbl et ml (7Z)> 

involving proteins having cauTcmc duYcrcnnes in thcb copy 
ttumbcn. Ue/ortuaatcfy. ao such ideal dye b available oa 
lbs nsitn ytt, naaougb Osibrd O^ooSocbsb has developed 
Hi i w i ca n t IFO-MOB (httptflww w o p unu / pioumiw/ 
tottC±tnQL a tathaology ant graSUMe to the scifntmc com-' 
minify. Fteoresecaoc caatpooads each at SYTRO Orange, 
SYFRO Red gad &7YPRO Ruby have been used to analyse 
whole protein ryes tea from bacterial aad rrammarian orfl*, but 
their scasHMry (1-2 ag) u slightly lower tbaa that of silver 
nitrate p6V77v> Some advantage) ova nhcr (taming ftattodc 
short stsining time aad the fact that the geb do eot aecd to be 
fixed prior to staining, to ed&'ttoa. Bate or so *f*»**fag b 
rccjoircdL 

For low ahondnhow proteias of known identity, d rtnrtlnn 
doea aot pose a problem ai Cclis aad no woiii n ham aboara 
that 2D*FAOB fanrmmoptotting io coxobbsatioo adlb aa- 
haaoed chccolhnnioesacaoe (ECU caa detect as Btife aa 100- 
500 nWrratra per cell fa) imfraclioaated ccOuttr catneta (dty 
$JX fltoawffitffftia. Even though there are several toob 
avaibbk for the eaaatitaooa of protcia apota, there b at 
prcseai ao available prccodure for ouaatitatiag afl of the pro- 
tetas resolved to a oossplea SBisture. Part of the prohleB 6cs 
la the targe dynamic range of protcto czpressioev lack of eesv 
otstlon. ac^4raasbtioaal oodificBtfoas, ruiniog behavior of 
the protdttt, aa well aa io the fact that eoaay abuadaal pro- 
tetas streak over less abuadaat eoBpoocats btcrfbjtag with 
the oieaiareaxnta. At prcscat. fluorescent teehiioloaj aeccaf to 
be way ahead; as with the Boeresoraca staia 5ypro Roby 
there b a bacar rcapoase with respect to the sample asooaat 
over a wkb raage of ebaadaaca Q771 aad rcferenca thema). 
QuaabtBtNe 'ftiorcaBeaos BieaaareeocDts caa be ecrforroed 
with CCD-caffitra based systcmi at wdl as with laser scaaacr 
systems Q77) aad references therein^ lo soma cues* rachola- 
btJbag m oorobiaatioo with trintfllitron countiag oSera a rea- 
sonable atteraaavc for qoaatitauag a snail aumbar of pro- 
teins (68)- 

J./JL idimifrcatlofL Methods of protcia atnuatatton 
have memded faamueoblotbag P^.^l* aVman peptide se- 
quencing (J80.8 1) aad refcreaov therein), amino acid campa* 
anion (82,63), aad more recently the use of matrb-easlaed 



ogy coocrms sample preparatioa as very often some proteins 
cannot be property dissolved by the ryeb sohition originally 
developed by OTarreU (65). Thus* there is ptcanag aced to 
develop protecob for opthabsag aampb aombilBattoa. To- 
wards this aim, Rabilloud aad co-workers have eaade use of 
the high toadiag capacity of IPOs to resolve membrane pro- 
teins for structural analyss* aad fa doing so have iamrowBd 
their solubility by using a combmatioa of detergents aad cam* 
otropct p4,7 j}. It has been shown that the addition of thio- 
urea. CHAPS and rDlTobeaua surfectaatj to the lysis sohrtioa 
contaiaing urea resulu io a mash improved sohibi&atioa as 
wcD as transfer to the second d uaeaaloa SOS gel Aa far as 
andcar ptotcias arc ooaeeraed, Oorg aad colleagoea have 
improved ccmaderaaly the srparadoa of very back proteias 
by first predpiutiag the samples with aoctoae prior to cotubl* 
loatioo ia the rytts sotoaoa (70). The problems auudatc d 
wiifa the estraction of tissue **n)r*T oa the other hand, are 
much more coasplea and haw not been addressed yet la a 
■yrtematxc fashion. 

3.1. 1. Dettcticn. Aa important Umltatioa of the 2D 
PAG8 technology b the lack of very icnsitrve prooedoics to 
detect Chose proteins that arc present to very low abundance 
In addition, detection procedures are needed that caa be ap- 
plied to a large cumber of resolved proteins whose abundance 
may span through seven or eight orders of augairuaa. 
dearly, the fcrcritrrity of sOver nitrate and Gooauusfe Blue 
suming is m adequate, and only nictabobc labelbag with spe* 
dfic isotopes may reveal enough proteias to warrant proteo- 
auc projects. Furthermore, the use of phosphev-imagiag tech* 
oology may enhance the sensitivity aad Itaearity of detecuaa. 
Limiutions of the radiolabclhng approach mrjude (i) lack of 
bbtlhng of some proteins due to tow turnover, (il) probiems 
associated .with safety regulations and disposal ond CriQ diffi- 
culties in obtaining fresh human biopsy materbrfor bbelliog 
aecrimeats. IdeaOy, one would like to have a highly sensitive 
fluorescence-based proieiD detect! oo technique able to support 
all types of studies ^respective of the aampb, or the end point 
of the anaiysb. Preferably, ihc dye should not alter die taa- 
lecuW weight and pi of the proteins if it b to be added prior 
to dearopborcsis, and should support quantitative studies 
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bstr desorpitonliooixatioD (MALDI) miss spectrometry (M) 
and dectmpny ionuation (ESI) f IS). The miter technique* 
which ftly od ihi coxxitamos of peptide man fingerprints, are 
fast and require only pieemol amounts of protein*. Limited 
rjeptide sequencing can be performed using tasden mass spec- 
trometry or post-source decay, but n it b stffl eat pessmte to 
make K> and C-tennmal •raucnee ideatifieatfea. Pot a review 
on Edmae peptide sequencing ess reference (81). Andersen 
and Mano review protein identifleation by mass spuiHim i t i y 
eltewhcfe in Ibis issue, 

iJ. Making wnprehame 2D FAGS database* 

Advances ia hardVare and software development (Ellis, 
OcDsb, Metoaie, Quest. Tycbo and Kepler) for scanning 
end czsigc aoalysis or 2D gels, as weD as the development 
of sensitive toob for rapid protein identification, have cata- 
tyxed (he establishment of eomprtbjnsive proleomie 2D 
PAOB databases [64,861 Tbese databases aim at fatcrbesog 
protein informatioa with fonbeomiog DNA mapping and se- 
quence data from genoine projects* and offer a global ap- 
proacb to the study oT gene expression both m hcaflb and 
disease (bRp^/biobaiejdk^bii^ocUi.- http^/eapasytogexbf 
sprot/sprot-top.btml) Q 1 0.911 and rcfereooes therein). Besides 
annotating genomes, these databases are canceled to address 
problems that cannot be approached by DNA analysis, 
namely, rctstivc abundance or the protein product, poswmos- 
Utional modifications, subcellular localization, turnover, in- 
teraction with other proteins as well as functional aspects. 
Ibt first prototype databases were built by Cefis asd Bravo 
|87), who pioneered the use of protein identifleation lech* 
oiqves to establish earnpethenuve 2D PAGE dstabascs (83) 



Fig, 4 thews a. region of the synthetic coaster 2D PAOB 
image fisodectrtc focming, IEF) of I^SJnethJonine abetted 
proteins from fresh eo»«atoed human keialuiocyta as tie* 
ptctad ia the World Wide Web (bttp^obaseMs^gWn/ 
oehs). Proteins flagged with a red cross correspond to known 
polypeptides that have been Identified by one or ■ cvmbins- 
don of techniques that include (i) 2D gel uainiiiiufihiniig 
cm*g epeeifle antibodies and the ECL detection procedure, 
(3) mfavsequctda*; of Coomassk brunaai Blue stained pro- 
tdns |I9& (H9 csass epecuotactry of cryptic peptides (90) and 
(iv) romigritroD with known bumaa proteins (mdrHdual pro- 
teins and organelle co mponen ts} and (») overlay t rrrinayira 
|S9) asd (vi) transient oprectioa in mammalian celt) (91). 

To dale, 1237 polypeptides have been identifiad to this data- 
base (IEF and tfEPHOE) of Ihe 3159 that have been resolved 
and catalogued, lo addition to p^cthionJne labelled pro- 
teins* the database contains a' lew polypeptides that tack see* 
tUcmtae, but art revealed by ejhw stabm* ttomajsse brfl- 
liant Blue or by tabeUmg with a miiture of 16 (HQammo 
aelds. It should be stressed that some protein* migrate both 
in IEF and NEPHOB gets (for caampfe, cwnotasa. trkwe- 
phosphate tsonscmsc and emnpbcm factor 2) and they snap 
serve as landmarks to align the geb and as references to nor- 
malise croaatit&tioas Id both pH directions. 

Informs tion gathered ea any gWeo polypeptide, known or 
unknown, can be retrieved by clicking on the cc uwpond mg 
spot, nihil case 1 4-M slgsna , also known as strotifio (Fu> 4) 
192). A file containing aO of the information entered for the? 
particular protein, mostly obtained from espcrcaents per- 
formed in our laboratory. Is shown in Fig. 5 (oar/ a (ractioa 
of the file is prcsniecf). Files for known proteins contain " ^ 
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to a subset of Medtine (hup :/Swww jtcbioim jfrtgoW 
PubMedT), Swiis-Froi (hup Jicu^txh/tpTDt/iprot-^op. 
hind) and PDB (bttp^/wwwxnbl^ftdddbcrg^E^dtrf). Other 
links include OMIM (hlrp://Wwv*.Ofhi nhn nib gov/ OmbnA 
OeneCards (http^biomforeaocs.wTiTinann or Unmrda), UnJ- 
Ccoe f^://vAvw.ttcbi«bn.oin«^ ma 
other Web cita such as CySPID (cytoskctetai protein data* 
base; bttpi/yp srtl a mfHy m!cxd^^p *n ai fc ytoAdbyiBdBL 
html), metabolic pathways (compScd by KfiOO: bnp'J/ 
www.gcaomc4djpfo«gtt, cbc cytokine explorer (knp:0 
fcbm.mii.tniisourf^u^3fe3rtofciMa/ta^ofrr.DttB^ histology 
iaajes (bltpJ/biosoB.biobajc. dk/~ pdiflou Kimtleregmphs. 
btndX etc* Id the future, as new databases and related Web 
sites become available, h will bt possible to navigate throtr£>> 
oui various databases containing complementary Information 
(ix. eudete acid end protein sequence, geooBe nappsuv dis- 
eases, prolan etractvn; poft-fTaaatatioaaJ meditations, naoV 
bodies rienalfiog pathways, histology, etc). Clearly, data- 
bases allow easy access to a Urge body of data: on a 
proton ti identified fa) given databases, all of the iaforiMfioo 
accumulated can be easily i to it w e d and made avattsbte to the 



Today, 188 information categoric* are available io the 
World Wide Web venloa or the kcretmoeytt database. These 
include ceOutar looalitaiion, pathways, prctem* aJtected in 
psoriatic kcnUoocyto, proteins caprescd ia normal tirotbe- 
Uum, kerauaocytcK, fibroblasts. He La cells and bladder card- 
noma oeD line RT4, levels In fetal human tissues, partial ami- 
no acid sentences, abundance, cytoskclctal proteins, cafanim- 
bmdtng proteins, snnouzu, chspcronuu, beat shock proteins, 
etc. 

Functions to query the databases ioetude starch by oniric. 



■ 

protein cumber or keywords <Ffe 4), e nolncula r weight and 
p/, as veO as by organelle or cellular cuuipoain t By cfiesog 
oa any of ibc otgancQcs, cethitsr structures or utiuuuuiuis li 
b possible to get a protein Est as wcO e» tbdr relative posV 
eJons on the toaster image. Ib addition, one con retrieve a fist 
of all known proteins recorded .b the detainee Moreover, we 
provide protocols and videos of preparative steps that can be 
Qsa^toieproduostbodatartitpti^as 
geb and nwnunoblosja 

Aarbut 2D FAOB available at hopU/biobasnjdk/ 

cgWiin/cda tsctudc tsanrinonal odl carcinoma* (TOCsX snoa- 
mous ceO ca/dnomaj (STX&X urine, fibroblasts, and moose 
kidney cells. Other databases available in the Internet can be 
found to btm7/eapajyJrttjexrVij>ro^ hXtpU? 
wWharcnrM ntbsjnq rihs.uVnhli^nrtm and bttp4tw> 
pipxkmfoJ»+aQaj6zt~vkihMb&JbuA Also, severa l 
prateomlc tools for protcto cdeolifaaooo and chaja oteriea * 
ties, primary structure analysis, secondary structure prcdh> 
boa. tertiary structure and; DNA transmtton into protdo are 
available at the EXPASY proteomic server f>trp:/rwwwj.cxpft- 
sy^h/www/ioob). 

$*$, Apptit6thm$ 

To date, there have bees thousands of repom illustrating 
the usefulness of the 2D PAGE and proteomm toebnologvcs in 
many areas of biology. Dnrnnir of spaor lonUationa, however, 
only o lew of the application arena are tugbltghted below: 

Jj.j. Qatar. A great deal of research has been devoted 
to ibc ciucnlauoa of the pathways that control ccfl profiler* 
alien in normal cells, and hence, the extermination of Ibc 
means by which attentions of these pathways tend to abnor- 
mal growth cbars ttt c ristlcs and/or ctcoplastic uwnsfortaaaon 
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and cancer. Most srudie'havc focused on oncogenes, tumor 
suppressors, cell cycle regulated proteins asd signal transduc- 
tion nolotulo in various cril types of different rpBeccs (93-96), 
but oory in a few cases there have been systematic attempts to 
analyze the protein pnesotypc of pairs of norms), and trans- 
formed cell typo using a protcomk approach |Kt6&°7-99). 
So far, ooly very few studio have made use- of biopsy material 
due to problems related to the ccU heterogeneity. 

Already in 1982, Gelis and co-workers started a protcotnjc 
approach to the study of ctU transformation usiot doncd cell 
. lines (68,97,9S). Their results showed that transformaUoa re- 
sulted fat the abnormal expression of normaJ genes, nther 
than in the expression of new does (98). lo addition, their 
studies raised a word of caution concerning me widespread 
use' of protein tnXormation derived from stodtes of different 
cell types from various spades. Today, wc ait.wcD aware that 
•altered ceffir undents Important changes vncs pieced in su- 
ture due to ctiffcrcnt cnvimnmental factors and growth con- 
ditions (100) and accordingly, cumot efforts using the prctce- 
mie approach are being directed to the study of oon -cultured 
cells and/or ensue biopsies. Among the cancer projects cur* 
ready underway* those centered en trukenia end hematolog- 
ical malign sncicsv bieast cancer, colorectal enneer and bladder 
center are briefly mentioned below. 

J. A/./. Ltuktmta and htmatctogUot meHgntmeki Studies 
by Hannsh and colleagues on cMdh^ftd leukemia and other 
hematological mnlignnnctea have yielded to far several 
markers thai in etude OpIS, also known as ■"'^ an 
oocopretein that has been implicated m signal transducuoo 
|I0I,I01}. In cnildhoofj leukemia, phosphorylation of OpIS 
was shown, to correlate with a high content of ecus in the S- 
phase suggesting a role in prouTcsntron. The group aha 
identified omB-HI (nucleotide diphosphate kinase AX ■ 19 
kDa protein that fc unregulated m normal tyraphocytes 
treated with mitogens as well as in leukcsaia cells from 
patients whh acute leukemia (10)). 

3.3.1.7. Brtati cnutt. Systematic studies of dimcml bfcast 
tumors of different bdstopainologtcal typo by Franaen and 
co-workers (104-106) have revealed several proteins, intruding 
PCNA, hspoo, hsp90 and calretkuSin that are highly deregu- 
tatcd in invasive cajcinomas and thai may serve as prognostic 
nmrfcers. These studio have made use of fresh ctmicel tumor - 
tissues of different subtypes and have paid specisJ attention to 
sample pftparstioa. 

3.3.1.3. Colorectal cancer. Studies of JuagbJut and cc*> 
leagues 1 107-109) on sets of nucroscopieeDy normal colon 
mucosa and colorectal carcinomas have revealed several pro* 
tains that arc deregulated in the tumors, Downngutated pro- • 
tcins included the liver fatty add bmdmg protem, the smooth 
muscle protein 22-a, and cydocoygeaase 3. Uprefulatod pro* 
tcins included the heat shock protein 70 as well as several 
numbers of the S*I00 family of calounvbinding proteins ($- 
100A9, S-100 AS, SI00A) I and S-IOOAo). Some of these 6ncV 
tags have beco confirmod by unmuaobiriothcnuce) studio 

lion 

3 J.I. 4. Bladder cancer. Gdn and colleagues [II 0-1 12) 
hive explored the possibility of using protromc expression 
profiles of bladder tumors as fingerprint* to tubeUasify hist©- 
pathological types, and as a starting point for searching for 
protein markers that may form the basis for diagnosis, prog- 
nosis and treatment. To achieve these goals they have ana- 
lysed the proieome expression profiles of hundreds of fresh 



tumors as wcO as random biopsies and cysteetomio |l 10-1 12^ 
and have established TCC and SOC proteoraic databases thai 
may provide a. sottd ^restructure to support future stiafio 
QIIJ); brm^/biobasc^Vcg^bbVodts). in the long run. a prac- 
tical goal of these studio b to identify a complete get of 
protein bimnarken that may be useful to classify hiaopauo- 
logjcal grides, and that will provide with specific probes for 
the objective diagnosis, prognosis and U tali mat of these le- 
sion*. So for. ikese studies have revealed markers for TCC 
p r ogr es s i on III0J, a marker m the urine of patients bearing 
SCCa 1114,115), and have red to the d e v dopmen t of a novel 
strategy for identifying prernaligasm squamous lesions (112). 
The approach faakes use first of protcomie trjchnotogio to 
iweal and identify proteins* that are differentially expressed 
b fcurc SCCs and normal uro indium. Thereafter, specific 
eauoocScs against the differentially cap retted protein) are 
— ussd to tomunostein aerte crrastas-sssajcas cf bmpsio {m> 
munowaZkmg) obtstnad from 5CC patients that have under* 
gone removal of the* bladder due to> mvnsJvc disease (cystec- 
tomy). Since bladder cancer a a field disease (116) - thai is 
targe part of the bladder lining is at risk of developing disease 
- it b capeclfd thai the urotheCum of these patients may 
ahibit a spectr u m of abnormalities ranging from a^ctaplaasa 
to invasive disrate 

-JLJL2. Heart iftsrnrer. Heart .failure b among the leading 
cau s e s of morteEly Id the Western Hembmhere and therefore, 
efforts are befog devoted to the elucidation of the csoteculer 
events trading to cardlae dystunetmn QII7) and refcrenno 
therein). So far, research on dBated cardiomyopathy (DCM) 
(117-1191 has revealed that approximately 100 proteins are 
deregnbtrdt mostly dowwcg^utated\ In DCM as compared to 
their normal counterparts. Tnoc include cytoskcrctal and oy- 
ofibriBar protfjns, pur/peptido saaodatod with esjtacsnwdria 
and involved in energy prodsction, as wd) as protrins asso- 
ciated with the stress rtapuuss. These studia have been expe- 
dited by the nta Wish meat of protcconJe 2D PAOE daobasn 
of the human heart (ventricee and atrium) II2Q 

la addition to the global analysis of protein expression 
patterns in ainwffn heart din ears, cardiac antlgrn apissBion 
foOowmg cardiac ira ua p T a n ta tfrm baa also been studied using 
* wp ^irTnv^ from pTOteomlcs. For ciarenlw, using 2D PAOfi 
(cardiac arotems) to ccmhmntlon with Western immusisAese* 
ting (patient seraX It has been possible to identify antigens 
that react with autoantibodio present both in DCM 
|I2I,I22| and myocasdltb (12)). In tab way, antigens associ- 
ated with the antibody response that may be involved in acuta 
or chronic organ) rejection have been characterbssJ. 

fVotaomie studio using f modrfs of Insert disease 
have also been carried eat in aa*ctTort to unravel the mota> 
ulcr events leading to cardiac dnease. Recently, twodlflermt 
etudio mvotvmg large ^* { ** nt T naor^mduccd heart faOurc In 
the dog (124) and bovine DCM (125), yielded similar itsndts u 
those observed In human DCM. Interestingly, the most strik- 
ing result in the bovine DCM study was the finding of a 
seven-fold decrease in the caprcerieri level of uhiquitin C-ter* 
rnjnal hydrolase, as inappropriate ubiquinatien of proteins 
has been suggested as an essetogje factor in heart failure |l2i). 

3J.3. Tojdcotogy. Qiattgo m the environment as well as 
the growing mterest of the pharmaceutical mdustry have 
stimulated the development of novel toting epp macho based 
cm the recent teenrncal advances both m genomro and pro- 
uomics. Pioneering studio by Anderson and Anderson (127) 
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have highlighted the nylumm and potential of the proteomic 
approach lo identify quantitative changes in rat Uvcr cxpres- 
eioo profiles Biwrtnlcrl with toxicity of drugs and other acao* 
bioucs. The data, which are being systematically stored in the 
rodent motecutar effects' database, arc expected to yield hn- 
portaat fafonaadoa as to the molecular , mechanisms under* 
lying toxic rcspoasej. Likewise, the potential of pteteomto 
have beta recently exemplified in studies of gfomcrolar atpb* 
ro toxicity ta rots.(l28), and of stimulated occupational jet fuel 
exposure in mice lung (129). to particular, the studies of St£fe> 
er*s group have shown a remarkable condatioa between de- 
creased levels of calbindio D-28, urinary calcium wasting; la 
the urine, and to tra tubular eortico medullary rntrifrni lions in 
the kidney of rats and human treated with cycl os porin A 
l»30|. 

In the future, proteomlcs fa a high-throughput mode it 
capected to have a major impact in the pre-dieJcal safety 
testing of drupl These sludies win be facilitated by the estab- 
lishment of 2D PAGE databases of frequent target tissues 
(kidney, liver) ai well as of .cell lines and fluids. 

JJ.4. Ncunfogital ditcrderx The Creotifetd-Jaeob dis- 
ease (CIO) has been the subject of intensive analysis using 
proieomics. These studies have led to the Identification of 



iben of the 1 4-^3 family of proteins hi the cerebral 
spinal Bald (CSF) of CID patirnts (131). The presence of these 
m otrins in the G5F haa bceo osed to dUereotiate CID froto 
other dsmcatia both with high sensitivity aad specificity 
(1 12,1 13). These proteins, however, arc present la the CSF 
of patients suffering from other neorologica) cosofdtn jsol 
dementia, limiting its cUaica) varae (134,135). 



. Today, there is no teebnotoajy fas sight that matches the 
rcsotvfag power of 2D PAGE, a technique that will continue 
to enjoy a central posiooD io proteamic projects for some tJme 
in the near future, There is considerable room for improve* 
racnt, bowever, m particular as far esaaraptc preparation aad 
solubility, choice of pH era^cat aad detection methods are 
concerned. Abo, we need to improve the sepa ration of very 
basic as well as very low and high tnolecubr weight polypep- 
tides, bi general, oae expects researchers to first use wide IPO 
gredecau to obtaio an overview of the proteome profiles, and 
then pieeccd with a more detailed analysis using narrow pH 
eyndieaU, which provide higher resolution and sample load- 
log, thus increasing the possibility of vuualmrig the lesser 
abundant proteins. The tatter can be facilitated by the avail- 



/£ Crfe tt oltFlBS Uiun 480 (2000) J-« 



ability of specific antibodies, as weD as by tot use of extras- 
tioo procedures and svbocUutar frartionatioa methods cur- 
rently at hand |I36»IJ>). 

There are still many additional challenges, h ow ev e r, that 
oust he addressed before a complete Human Pretcomc Proj- 
ect cao be ioptemcntad fljoj. These include: autofctation to 
. aflov lugb-throughput sanple analysis |ISOi improved quao- 
titation capabilities, better mstiumewutjpp and software for - 
peptide sequencing us ins mass spectrentttry; 01010 aophboi- 
catod onage aoalysis systems to support pi comparisons 
and daubasing as weD as unproved bbiofonnatk capabilities 
overall 1 12). In addition, we oead to deal with the problem of 
trove cefl betcjosjcooity as more and foorc proteomie projects 
will make osc of biopsy material in the future 

^Transcript and protein trrcts: PNA nucrpayrays and 
pTotcenlcs applied to the snow samples 

As mentioned io Section I, both DNA cflicrearreys aad 
proteonics are copplcstcatary teebnotogje*. To data, how* 
ever, there hove been only a united number of studies io 
"which both technologies have Jbcco compared by.eppfyog 
than to the sane sample (141,142). Notably, the pioneer stud* 
us of Anderson and Scilbamcr |$2) showed that there is eol a 
good correlation between mJINA and protais levels to human 
liver, implying that geee-bssad caprcsaioo data esay be of 
limited value m the process of drug discovery. The study, 
which -compared the levels of 19 gene products, yielded a 
correlation coefficient of 0.48 between mRNA and protein 
abundance, a value that b half way between perfect and 00 
corrctatioa. 

Recently, Omtefl d aL (manuscript in preparation) carried 
out a estcfoarray and pf oKo niit study of Madder cancer In 
which they compared the transcript and protein canresslon 
leveta of pain of oon4nvastve and invasive low grade fresh 
TOG*. Even though they could only compare the levels of 
about 40 wcJkrcsohcd and focused abundant proteins, it 
wai clear that 01 most cases there was a good correlation 
b etween transcript and protein levels. Only in a lew cases 
.they found dBcrepaoeies, and in souse of those mstanecs* 
they could oot clfminatr the possibility that this waa doe to 
messenger stability, port -tmntcripti goal sptieingv pos*«nshv 
tional modifications, protein focusing problems, ckgrsjiatleo, 
as well u the choice of methods used to asses protein en* 
prcssioD tevcts (attuning versus tem'oubellingj). For example; 
in 00c tumor pair they found that the revets of keratin 8 
transcripts were much higher io the i n v as iv e rumor (compare 
Fig. dC and OX white the protein leveh were couch lower 
(compare Fig. 6A and B). Inwraanblotting anatyiis uamg her* 
a tin 8 specific antibodies revealed that the discrepancy was 
due to degradation, as several related pj od uUa of lower ap- 
parent molecular weights and mere aodk p/a, could be vern- 
alized (rig- €E)> The identity of one of the crosateacong 
peptides (indicated v4th arrows in Fig> €B) to keratin 8 
was further confirmed by MALDl-tuiic*of4Ught (TOF) (Fig. 
6F). From these studies it was dear that when comparing 
mRNA and protein levels there ate other 'factors that 
oced to be taken into eonsidrrstion when mterprrttog the 
dsu. 

When comparing transcripts and protein opmston profiles 
of matched sample pairs one often gets the expression that 
there ore more changes io the abundanoe of the 01RNA tran-* 



scripts as compared 19 the proteins. Considering that the cur* 
rent 2D PAGE technology depicts mainly the coott ahuDdaot 
protrios, it would socd possible that most of the changes 
enacting protein levels nay involve low abundance porjrpcp* 

tides, ' 

Sv Cent taprexshm pioffiing techniques: pcrspectiro 

Novel and poweif id te^ 
the global gene csprcsstoo patterns of cuhvrcd octti and thv 
sues obtained fros oormal and ^ ******** subjects. Ench of 
these tecaeorogjes has ill own advantages and u?rf tatfons, 
but in combination they should provide us who a detailed 
gene espjession phenotype at both the cranscription and 
translation level A major cJuumnge in the near future will 
be to define a bjejc Gne h: 'hzjssrsal 5m espmste p!tt> 
natype of a given ccO type, tissue or body tunt ; TMs is not a 
trrrisi sash, however, as It wOl require the analysis of hun- 
dreds or even thousands of samples. 

Betides uiipi uvunenoj on the individual techaicjucs shew* 
serves (see above), then are stBO major rhrntathrns that nsust 
be sddrcaaed before these technologies can provide the 
eapested di email in molecular medkane. These mcsode: 
p) technical protlcnu associated with the analysis of capres- 
etpn profiles derived from thmits that are composed of differ* 
cat odl types, (a) tank of pjoccduiea for Identifying targets 
that be in the pathway of disease, and (iS) need for bmtnfor- ' 
rustics toob for rapidly arscssing the function of the putativa 
targets. The latter, is of paramount importance to the phsr* 
CMceutical usdustry as the itocftcation of disease deregulated 
targets alone is not suJacient to start a costly chug scswensng' 

As far as tissue nctctofxaciry U ccnecraed, the recent ad- 
vent of LCM holds great promise as with this technique it b 
possible to isolate specific popumtioai of ecus from a tissue 
section using denxt microscopic observation f29). However, 
even though the technique has been used for UNA analysis 
it b etui oot ready for most ptotuinik prefects as the number 
of ceUs that can be obtsleed b too small to aaenante reaaon- ' 
able protein profiles In toms of the emmber of proteins that 
can be viruabaxd (143}. 

As JPMA ciicjoerraye and aeoojwaifcs sjeunale more data tn 
the future it will become a matter of priority to develop sanple 
and rapid strategics to vafidate the. vest amount of informa- 
tion that win be gcne»tec\ pattrculsrly in tissue biopsies. Thb 
we behove cao be eeccesjdiihed m part by making use of 
specinc antibodies in ceamantien wUbkum md bS st oAoBfait 
|1.I4 At ptesent, there b no teehjtology at hand that may 
allow us 10 prepare antibodies at wOl, aJlftnsugb phage annV . 
body tibraries |I4) show much eveosba. 

riaaDy,. we would Kke to emphasise chat biology to thb 
MiStonium wiD be chstfaccercsod by the study of complex 
biologiceJ phenomena. DNA cascroarrays and protcomics 
are just some of the ffrhnofogjes of functional gt n omiu , 
and only their bugrstion ssay a Dow us to toefcle the great 
cemplcsity underlying biological processes. 

4tk *s m h d gem u; We woaM fifce to uanh H. Wolf for many ctiov 
dialing doe&ssioiUL This work «as avppoftcd by ayaota from uc 
Daahh Canen Society, the Danish knotecbnologr Pio g i amme. tee 
loan and Biithc Meyer FowsSaUen and ihs Mobsamw Ocfontetogy 
Centre. 
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MOLECULAR ANALYSIS OP CANCER USING DNA AND PROTEIN 

MICROARRAYS 

Juan Msioz-GtupMo and Sam M. Haoaib* 



OffTSODUCTIOM 

* 

Substantia progress h» bees nude to oar usteitntsfet cancer a a moKstesL 

of centers share rimlfsntfcs as wells* eaMUt tftftasees la oeihiler, bteheaicel end 
motecotar oiiu. Mhroarrsy tcchoricjles hm the potential of amiding vamabfe fanam 
ntrfmi ; disease pioceates. Ifc* any I aim* is oow a» eittJWWMd «^ |«t rfoW 

pna cto iw nltt gable IX KCmanayB aftow profiUn, <rf toiooia' nwim ttiniateiiiefl 
andrjroa»maiaicafeim^ *^ ^ 



miti. 




Disjrfrostici 



Biochemical acthfiito 
ftotato"Bnarin interectioas 



Protrin~DNA/RNA tottwtiom 



Prcgcln-dre^mterictions 



F to en oc an onabsfs 



Epitope mapgioji 



Disgnoitica 



CANCtft fftOnUNC USING DNA MICROAJUUV8 ' * 

Genomics studies, especially profiting pne espression. ushuj DNA array hove had a 
ormnson impact on biomedical research, itsuftm* in well over 1.000 published report* 
in 2002 alone, A suhsufillal number of published eiodies dealt with cancer. Disease related 
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epplJcstions of DNA microarrays include uncovering unsuspected associations between 
genes and specific clinical features of disease thai are helping devise novel molecular based 
disease classifications. Most published tumor studies using DKA micromys have either 
exanuned a pathologically rmmogeneous set of tumors to Identify clinically relevant 
subtypes, for example survivors vs non-survivors, or pamologicnlly distinct subtypes 
belongiog to the same lineage, for example limited stage va advanced ttoge tumors to 
identify molecular correlates, or rumors of differem linage* to identity molecular 
signatures for each lineage. 7 

One of the landmark studies that have attracted much interest with respect to the 

micruarrays to uncover novel classes of tumors. Is an 
analysis of diffuse large B-ce» lyirmhoma. the most common subtype of non-Hodgeini 
lymphoma . Large B<ell lyinphoma it a ctinicalry hcterogrmeous disease. Only 40% of 
patients have a good response to current therapy with a proiosged survival. A systEmatic 
charsctehxatioo of gene expression in this disease using DNA nper oa rra y s uncovered a 
divcrshy in geite expression met reflected variation in tumor proliferation rate, host 
response and differentiation stale or the tumor. Two Juutocularty distinct forma of elftute 
Urge B-ccJI lymphoma were exemtd which had gene expression panarns tamestive of 
tfrTereot atages of B-ccil dultcrcntietion. One type expressed genes cturettertstk of 
germinal center B cells and bad a significantly better overall survival than the second type, 
which expressed genes, normally induced during hi vie* activation of peripheral blood B 
calls. The analysis therefore identified previously undetected and cunicaOy slindficam 
subtypes of lymphoma. 

Studies to classify breast carcummss based on gens expression profiles revealed that she 
motors could be classified into a beta] ephhelisJ-Uke group, an ERBB2-ov«exvitasuia 
group and a normal breast-like group 11 . A hindna) epthefiaVestrogn reeepteTposrove 
group could be divided into at least two subgroups, each with a distinctive expression 
profile Survival analyses on s subeohort of patients with locally' advanced bicsst earner 
unjfonnly treated, in a prospecrive study, showed tignificendy dlffsfeni oateomes for 
poftnus belonging to the various groups, including a poor prognosis tor the baser-like 
subtype and o significant difference m outcome for the two estrogen receptor-positive 
groups. In an independent study of 39 invasive breast cancers, striking molecular 
differences between ductal esrcjnoino rpecrmena were enoovered that ted to e "flyrff-l 
new dassification for ettrogerwec*?tar negative breast cancer". SiaJlarry. a study of 58 
node-negative breast carcinomas discordant for BR status also uncovered a list of y*TT 
which discvuniruued tumors saumting to Ett status 11 . Artificial neural networks could 
accurately predict EX smtus even after excroAng top discriminator genes. Incfoolng BR 
itself. Only a small proportion of the 100 roost unportam ER discruuraxxar 
regulated by eaoudiol in MCF-7 cells 

An Informative approach to analyze DNA microarrsy dsta in clinical sanies is to 

5050 dam Into a omitting set to uncover assodations between specifie genes and certain 
clinical features of the disease; and a testing set to validate these associations. However 
since both training end testing sets are derived from the seme pool of patients whose 
samples were available to the. investigators, the extent to which such -n~r»rmt may 
apply to other patients not included In the study, who may have different characteristics* 
cannot be inferred. Beer el al. have undertaken a study of rung cancer in which the 
association they observed between e set of genes end patient survived was validated with o 
testing set of tumors drey had available and further validated with an utespcitdcnt set of 
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tumors for which micro uny data was collected by another group no: associated with that 
saidy". Such extensive validation clearly indicated the robastneas of the ossociaica 
uncovered btrwceo o set of genes and survival in lung adermcaranoina. 

The Dumcroos published studies using DNA miroarrsys justify the ose of Ihn 
technology for uncovering patterns of. gene uppmton mat are dinfcatiy informative 
However it la substantially more difficult id develop an understanding of disease at o 
mechanistic level using DNA nduoannys . For most of the published studies it is unclear 
how well UNA levels reported correfase with protein levels. A lecfc of correlaoon may 
fanpjy that the predicdve property of die gene<s) Is mdependeot of gene function. In studio 
of lung cancer, Chen ei a). collected both DNA ralcroarrsy and 2*D PACE data, which 
allowed them to compare mRNA and proteio levels In the same tumors 10 . The integrated 
inusnsilies of 165 protein spate reprtsewmg protein products of 98 gents were analysed In 
76 lung adenocarcinomas and 9 unaffected lung tissues using ?-D gets. Far the some 83 
samples, oiRNA levels were determined using oUgosiucleoddo microaiiuvs. Oajy 21 of 91 
genes C2M%) had a sutistscally significant correlation between .protein and mRNA leveb 
(r >OJ44S; ? ^>JQ5X The mRNA^pmteio correlation coefficients also varied between 
tsnforma of the same protein, indicating potentially isofctin-specifte mrrhnwmns for the 
regulation of protein abundance. 



mOTClM MtCSOAJUUYS IN CAXCOI WtAAOt 

Despite the advances In out understanding of the molecular basis of cancer, substantia) 
gaps remain both m our understanding of cancer pothogeaesis and In the developnent of 
txTcctive straseglas for early diagnosis and far treat m ent , A proteondc approach to 
investigating diseases such as cancer* may overcame come of the BraStstioft* of other 
approaches'. DNA m luoanay a have Unuted utiUty for the analysis of bSologlcal fluids and 
for uncovering directly in the fluid, ossayobte btomsjters, Ncrctrous ahcraunns may occur 
m proteios that ore not reflected ra changes at the ANA level. 

Unlike DNA mJcrewrsyt thai provide one measure of gene expression, namely RNA 
levels, there is a need to implement protein inicrcarray strategics that address the many 
different features of proteins including determination of their levels in bJologteaJ samples, 
and detercni nation of their selective mtrrsstrona with crthcrjorotdns, ano'bocSes, drugs or 
various small ligands. Airays thai InccuporeiB antibodies^* 1 * or rtcombinam proteins 
obtained using cDNA expression llbrBrtes 4M or phage^lsplay libraries 49 have been 
utilised for different types of protein based assays. With other types of sm tiuauay a, whole 
tissecHferived samples have been directly arrayed onto elides, to assess the reactivity of 
total protein lysatcs with specific ligand 4 * 4 *. Two practical applfeations of protein 
microaneya were presented by Kwfatrfc* 0 . designated protein function array and effotern- 
detecting array. With protein function arrays, s large amount of protein is spotted on a solid 
support at a defined location and tested to eheraeterise either a biochemical activity or a 
'molecular Interaction. The pmtdn-deteeting army consists of on arrayed set of protein' 
ligands used to profile gene eapreselon and drew signatures indScsdve of the cellular state. 
The whole process of assembling the protein array reqoires considerations related to the 
nature of the support, the type of imrnobUlssiion, as well as die otolecular architecture of 
the particle being tntrhrrf, four main different supports have been optimized to perform 
assays of this inognitude: chemically modified glass slides (poryrt^ysinca, porymldehidBs, 
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these samptes. Ptttcrns thai distinguish between cancer patients aod oomaJ subjects with 
remarkable acconcy. have been reported for several types of caW. The coopJinf of 
protein arrays with mass spectrometry technologies is likely to become a powerful analytic 
tool with which to profile protein eipressfon. Such en sppresxh. known as ftvtonChfo 
(Gphergen Inc. USA), was sueeasfuRy applied to srnp> prostate and ovarian cancers* 
and* more recently, head and neck cancsV 0 . Results from these studies revealed the 
involvement of proteins in carcinogenesis processes and specifically idermrtod protein 
fingerprints from which cancer biomarkcrs were extracted Hie major drawbacks of direct 
analysis of tissues or biological fluids by MAL01 is the prtfcientitl detection of proteins 
whh a tower molecular mass and the difficulty m Identifying the proteins t ti waj p ondin g to 
the masses observed, further mchnologica) umrrovemertts cooM enhaccc the tztiHry of 
direct mass spec tro iw trtc analysis of tissues and biological fluids. 
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tissue profiling studies thai have utiutcd protein re*croarnrys are beghrntng to 
emerge. As •mode) to better understand how patterns of protein expression shape the tissue 
rxneroenviro nm en\ Kncicvic cl a), analysed protein expression in tissue derived from 
squamous cell carcinomas of the oral cavity through an antibody luitroairey approach for 
higtMhrooghput pfutcomic analysis . Utilising laser g ^y*uff microdis taction to procure 
total protein from specific nucrescopic ceOular peculations, they demonstrated that 
ouaotlfiativav and potentially qualitative, differences in taprrsffffn paterae of mnltipta 
proteins within epithelial cells icpredaciMy correlated with oral cavity tumor progteseton. 
Differentia) aapicsslon of multiple proteins was found m stromal ceils iiuroundtag and 
adjacent to regions of di teased cpiihcHam that eHrectly ceeretated with nimor progression of 
the epithelium. Most of the proteins identified In both cell types were in v o lv ed in signal 
oweductlon pathways. They hypooScsited therefore that extensive molecular 
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eomnfcnicaiioni involving coznptex cellular signaling between epithelium and stroma pfay 
• key rotas^dbvrtrig oral cavity cancer progression, 

A clinically relevant sppJieation or protein microamys is Ihc identification or proteins 
that induce en antibody response in autoimmune sordere 0 . Microarrays were produced 
by attaching several hundred proteins and peptides to the surface of tferiveo'zed glass sGdes. 
Arrays were incubated with patient serum, and fluonuccm labels were used to detect 
autoantibody binding to specific proteins in sutoUsmiire diseases, including systemic lupus 
erythernatosus and rheumatoid arthritis. Such mfcfosmyi represent • powerful tool to 
study immune responses,.ii» a variety of diseases including cancer. 

A reverse phase protein amy approach that iramoMuzes Ov whole repertoire of a 
tissue's proteins has been developed**. A high depee of sensitivity, precision and b'nesnly 
was achieved, ranting it possible to quantify the phosphorylsied status of signal mtcte in 
human tissue ccD suXnsapolaticms. Using this approach FswtJsuret al."heve Ic^cadmally 
analyzed the state of pro-survival chcckpoinl proteins at the n^fereseoptc trturaitioo atone 
from patient outched hi ttologi colly normal prostate epithelium to prostate i uoetpliht Hal 
Dcophuia and to invasive prostate cancer. Cancer progression was associated win 1 — nnjrrf 
phosphorylatien of Akt suppression of apoptosis pathways* as wall as ^ fri Tirrffl 
phosphorylation of ERR Al the transition from histologlcaUy turrmat eoithetiom to 
tatnupithtrJal neoplasia, o statistically aiptificant sorge m phospboryisted Akt and a 
concomitant suppression of downstream spopiosis pathways preceding the trenaftion tern 
invasive caret soma were observed. 

A major challenge in snaking trochips for global anahyiia of protelo expression is the 
current lack of comprehensive sets of genome scale capture agents such as antibodies. Aa a 
result, biochjps that target specific classes of proteins such as Masses or cytokines are much 
easier to produce, mat would have clinical utility. Afrother inrportsm coiisidejitioo to 
protein odnoarmya is dial proteins undergo numerous post-tfinstaiional roocuTtcarions eg 
phosphorylaHons. glycosylate*, which ore highly iorportant to their functions, n they ceo 
dtienrane activity, stability, localization and turnover. To address the need for 
comr^ertensive analysis of proteins in ihar modified form* several approaches to the liquid 
based separation of cell and tissue fysates were mvcstisuled in order to obtain protein 
fractions with reduced complexity or pore individual proteins". He? separation products 
can be sfreyed in a rnanner that allows the probing of protein ccnitiruerUi of colli and 
tiisucs co uncover specific targe!*. Far exarnple, using a combloatloa of anion e*chansc 
and reverse phase LC Msdc«-Guipide ct al have obtained soma 2000 individual procetn 
fractions thst have been utilized to produce rrucrosrrays dud trrterregstc cancer cell 
c^oteemes. Fractions thai react widi specific probes are within the reach of • 
chromatographic and gel based separation techniques for resolving their individual protein 
constituents aad of mass specrsomctric techniques for identification of their constituent 
protein*. The LC prcccdures allow sufficient protein amounti to be resolved for the 
construction of large rumibcis of artcnuurays from a given cell or tissue source. 

Protein microarroya of different types are likely co become commercially oval labia for 
assays of broad sets of proteins and may well rival or at least complement DWA 
micravrays eg tools far global cxpicxxion onolyrii. 
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SUMMARY 



In conclasion, iimy-based technologies have emerged that contribute to pjt>r»lini 
tissues at the genomic, ewscriptomtc and proteomJc levels. Analytical toob am needed to 
mine the vast amount of data generate* Ultimately the molecular analysis of cancer at a 
**~me art proteomt scale will allow better classification of disease end . tailored 
individualize*) therapy for individoal patients. 
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• 

Amplification and ovcrexpression of putative oncogenes 
confer growth advantages for tumor development. We 
used a function*! genomic approach that integiaUd 
simultaneous genomic and transcript microarray, proteo- 
mics, and tissue microarray analyses to directly identify 
putative oncogenes in lung adenocarcinoma. We first 
identified 183 genes with increases in both genomic copy 
number and transcript in six lung adenocarcinoma cell 
lines. Next, we used two-dimensional polyacrylamide gel 
electrophoresis and mass spectrometry to identify 42 
proteins that were overexpressed in the cancer cells 
relative to normal ceils. Comparing the 183 genes with 
the 42 proteins, we identified four genes - PRDXI, 
EEF1A2, CALR, and KCIP-1 - in which elevated protein 
expression correlated with both increased DNA copy 
number and increased transcript levels (all r>0.84, two- 
sided P<0.05). These findings were validated by South- 
ern, Northern, and Western blotting. Specific inhibition of 
EEFIA2 and KCIP-1 expression with siRNA in the four 
cell lines tested suppressed proliferation and induced 
apoptosis. Parallel fluorescence in situ hybridization and 
immanohistochemical analyses of EEF1A2 and KCIP-1 in 
tissue microarrays from patients with lung adenocarcinoma 
showed that gene amplification was associated with high 
protein expression for hnth ggnps «nH that protein 



overexpression was related to tumor grade, disease stage, 
Ki-67 expression, and a shorter survival of patients. The 
amplification of EEF1A2 and KCIP-1 and the presence of 
overexpressed protein in tumor samples strongly suggest 
that these genes could be oncogenes and hence potential 
targets for diagnosis and therapy in lung adenocarcinoma. 
Oncogene (2006) 25, 2628-2635. doi:IO.I038/sj.onc.l209289; 
published online 12 December 2005 

Keywords: lung cancer; microarrays; proteomics; tissue 
microarray 



Introduction 

In lung adenocarcinoma, as ih^oOierTypes'of cancer, 
gene amplification and the consequent overexpression of 
the amplified oncogene play an important role in the 
development of tumors, because their overexpression 
confers a growth advantage. The ability to identify 
putative oncogenes that are activated during tumorigen- 
esis could facilitate the choice of molecular genetic 
targets for diagnosis and therapy of the disease. This 
concept has been exemplified by HER-2> which was first 
found to be amplified in neuroblastomas and subse- 
quently shown to be associated with poor prognosis in 
breast cancer (Ross and Fletcher, 1999). Now, HER-2 
aberrations are used as a predictor of response to 
therapy, and treatment of HER-2-positive breast cancer 
with the monoclonal anti-HER-2 antibody trastuzumab 
has been shown to improve prognosis (Ross and 
Fletcher, 1999). Emerging evidence of common ampii- 
cons in lung adenocarcinomas (Luk et a/., 2001; Jiang 
et al„ 2004; Tonon et a/., 2005) suggests that additional 
oncogenes remain to be identified; however, conven- 
tional techniques are ineffective in pinpointing such 
oncogenes. Parallel measurement of DNA copy number 
a n d mRNA l ev els — i n cDNA microarrays permits 
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changes in copy number to be compared with transcrip- 
tion levels on a gene-by-gene basis to generate lists of 
candidate genes within the defining amplicons (Hytnan 
et al. 9 2002; Pollack et a/., 2002). However, use of 
transcript patterns does not allow assessment of the 
expression of protein products or identification of prolo- 
oncogenes. Another approach, identifying differentially 
expressed proteins by proteomic analysis and then 
comparing the proteins present with mRNA expression 
in cDNA microarrays from the same specimens, can 
clarify the extent to which changes in transcript patterns 
reflect changes in their cognate proteins and post- 
transcriptional mechanisms {Chen et al, y 2002), but this 
approach cannot be used to identify oncogenes driven 
by extensive increases of their gene copy number. 
Moreover, using individual microarrays or proteomic 
approaches alone cannot distinguish the cancer-driving 
oncogenes that directly propel tumor progression from 
the larger number of passenger genes that may be 
concurrently over-represented but are not biologically 
relevant in tumor development. 
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In this study, we used a comprehensive approach that 
integrated simultaneous comparative genomic hybridi- 
zation (CGH) and transcript microarray with proteomic 
analyses of six lung adenocarcinoma cell lines. We 
directly and specifically identified four putative onco- 
genes thai could have been activated through amplifica- 
tion and consequent elevation of. transcript expression. 
We used small interfering RNA (siRNA) to inhibit the 
expression of two of these four genes in the lung cancer 
cell lines, which further implicated them in oncogenesis. 
We then explored the clinical significance of these 
findings by assessing the expression of these two genes 
in tissue microarrays of human lung cancer specimens. 
Our findings underscore the power of integrated 
functional genomic analyses for identifying putative 
oncogenes in lumorigenesis; such activated genes could 
be useful as targets for diagnosis or therapy in lung 
cancer. 




Results 

Simultaneous global genomic and transcript analyses 
identify 183 genes with increases in genomic copy 
numbers and transcript expression levels 
To identify genes in which increaised DNA copy number 
might contribute to increased transcript in lung adeno- 
carcinomas, first we used CGH with microarrays of six 
lung adenocarcinoma cell lines. We identified 587 genes 
showing increases in DNA copy number across all six 
cell lines (Supplementary Table IS), which were 
distributed as 90 amplicons on all chromosomes except 
for chromosomes 13 and Y (Supplementary Table 2S). 
A subsequent transcript test with the identical arrays of 
the same cell lines revealed 275 genes that showed 
increased mRNA levels (Supplementary Table 3S). 
Using random permutation tests across all cancer cell 
lines, we identified IK3 genes (31%) that showed 
elevated transcript levels from the 587 genes that were 
over -r ep r ese n ted in the genom e (Table I ), suggesting 



of their cognate proteins. To extend these findings 
beyond genomic over-representation to expression of 
the protein products of those genes/we next assessed 
protein expression in the same cell lines by two- 
dimensional polyacrylamide gel electrophoresis (PAGE) 
and found that 42 different proteins, representing 42 
individual genes v were significantly increased in the 
cancer cell lines (Table 2; Supplementary Figures IS and 
2S). Some of these proteins were identified as having 
multiple isoforms, and all individual isoforms exhibited 
increases in expression ranging from 4.6 to 12.8 times 
their expression in normal lung tissue cells. In compar- 
ing protein level of the 42 genes with changes in their 
cognate genomic and mRNA expression from the global 
microarray analyses, we found that four (9.5%) of those 
42 genes - PRDXl, EEF1A2+ CALR, and KCIP-I - 
showed statistically significant correlations between 
etevated.prot^^xprgssiojvand mcreaseSLin .bb.th_copy 
number and mRNA expression {all r> 0.84; P<0.05) 
(Table 2) in the cancer cell lines. These findings imply 
that the abundance of these four proteins is attributable 
to the amplification and consequent elevated transcrip- 
tion of their cognate genes. 



Validation of copy number, transcript, and protein 
expression of PRDXl t EEF1A2, CALR. and KCIP-l 
in lung cancer cell lines 

To confirm our findings from the high-throughput 
analyses, we next used Southern, Northern, and Western 
blotting to assess DNA, RNA, and protein levels for the 
four genes identified in the six cell lines. For compar- 
ison, we arbitrarily chose one gene, NF KB1\ in which an 
increase in protein level did. not correlate with genetic 
changes. Overall, we found excellent concordance 
between the CGH microarray and Southern blotting 
analyses, transcript array and Northern blotting ana- 
lyses, and proteomic and Western blotting analyses for 
all five genes (Figure I). For example, KCIP-l showed 
fivefold amplification in five of the six cancer cell lines. 
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that elevated transcript levels of the 183 genes may 
reflect their genomic over-representation in the cancer 
cells. These findings are consistent with previous reports 
linking genomic changes with altered transcript patterns 
in breast cancer (Hyman el a/., 2002; Pollack et aL 
2002). However, our finding that only 31 % of the genes 
showing increased DNA copy numbers had cognate 
increases in transcript expression in lung adenocarcino- 
mas is different from the overall rates of 40-60% 
reported for breast cancer (Hyman et aL, 2002; Pollack 
et aL. 2002). This discordance may reflect methodologic 
differences between studies or biological differences 
between breast cancer and lung adenocarcinoma. 

Proteomic analyses identify four genes for which protein 
ahumlatwc was associated with increases in the cognate, 
gene and transcript levels 

Analysis of transcript patterns is insufficient for under- 
standing the expression of protein products and the 

effect of genomic over- representation on the expression 



whereas NFXB I showed no such increase in any of the 
cell lines. As for transcript expression, Northern blotting 
of EEF1 A 2 showed high expression in five of the six 
cancer cell lines; again, levels of NFKBI transcript were 
not increased in any cancer cell line as compared with 
normal bronchial epithelial cells. The results of Western 
blotting were also consistent with the results of the 
proteomic experiments; for example, five of the cancer 
cell lines exhibited strong protein bands for PRDXl as 
compared with normal cells. These findings provide 
strong support for the validity of the results derived 
from the high-throughput techniques in this study. 

These parallel analyses also revealed close correla- 
tions in the extent of changes in gene copies, transcript, 
and protein of each of the four genes in the cancer cell 
lines. For example, in the five cancer cell lines that 
showed at least fourfold increases in EEFIA2 copy 
number, expression of transcript and protein was also 
increased by at least a factor of four as well {relative to 
their expression in normal cells) {Supplementary Figure 
3S). The protein abundance of the four genes showing 
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Table 1 List of 183 genes with statistically significant correlation 
(0.05) between genomic copy number and transcript level 



TaWe 1 (continued) 



GV/rr svnthol 



Chro. Distance from p arm of each 
chromosome ( Mh ) 




HNOI 

DDOST 

SFN 

MLP 

AKRIAI 

PRDXI 

UQCRH 

RPL7 

COLIIAI 

MCLI 

PSMB4 

JTB 

RPS27 

HAXI 

MUCI 

CXT3 

TKT 
ATPIBI 
CIIITI 
SNRPE 

YWHAQ 

ODCI 

RPL3I 

BENE 

STAT I 

HSPDI 

HSPEI 

RPL37A 

IGFBP2 

RPS7 

RABIA 

IGKC 

l.TF 

PKN2 

KPNA4 

S I OOP 

UGDH 

UCHLI 

SPPI 

TRIM2 

FGB 

FGG 




SDHA 

PDCD6 

CCT5 

PTPRF 

RPL37 

ENCI 

QP-C 

SPINK I 

CANX 

SOX4 

HDGF 

RPSIO 

R PL I OA 

VEGF 

OSF-2 

l-'SCNI 

OYCS 

CBX3 

IGFBP3 

CLDN4 

HSPBI 

CALR 

COLIA2 

ATP5J2 

AKR I BIO 



I 



I 
I 
I 
I 
I 

«. 
2 
2 
2 

2 

2 

2 
•> 

2 
2 
2 
2 
3 
3 
3 
4 
4 
4 
4 
4 
4 
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5 

5 

5 

5 

5 

5 

5 

5 

5 

6 

6 

6 

6 

6 

6 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 



8.5 
20.1 
26.4 
32.2 
45.4 
45.4 
46.2 
96.4 
102.6 
147.3 
148.1 
150.7 
150.7 
151 
151.9 
153.1 
153.4 
159.3 
165.8 
199.7 
200.2 
9.6 
10.60 
101.20 
110.40 
191.80 
198.30 
198.30 
217.30 
217.50 
3.30 
65.30 
89.00 
46.3 
151 
161.5 
6.7 
39.3 
41.1 

89.3 
154.7 
156 

156 



0.251 
0.305 

10.3 

14.2 

40.8 

74 

132.2 
147.2 
179.2 
21.7 
. 22.6 
34.6 
35.4 
43.7 . 
45.4 
5.3 
24.9 
25.9 
45.7 
72.7 
75.5 
92.7 
93.6 
98.7 
133.6 



0.0085 

0.0 III 

0.0113 

0.0114 

0.0128 

0.0122 

0.0125 

0.0127 

0.0129 

0.0222 

0.0131 

0.0134 

0.0135 

0.0266 

0.0143 

0.016? 

0.0148 

0.0152 

0.0234 

0.0154 

0.0165 

0.0159 

0.0119 

0.0161 

0.0169 

0.0175 

0.0277 

0.0185 

0.0388 

0.0189 

0.0193 

0.0204 

0.0285 

0.0455 

0.0207 

0.021 1 

0.1122 

0.0215 

0.0222 

0.0227 

0.023 1 

0.0235 

00441 



0.0243 

0.0245 

0.0446 

0.0248 

0.0251 

0.0336 

0.0466 

0.0256 

0.0263 

0.0321 

0.0362 

0.0177 

0.0369 

0.0372 

0.0173 

0.0378 

0.0381 

0.0289 

0.0389 

0.0403 

0.0433 

0.0425 

0.0457 

0.0475 

0.0481 
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RPS20 
TCEBI 
LAPTM4B 
RPL30 
KCIP-I 
PABPCI 
EEFID 
TSTA3 
RPL8 
TRA1 
RPL35 
HSPA5 
LCN2 
DPP7 
PFKP 
AKRICI 
-PLAU 
DSP 

TALDOl 

SLC22AIL 

TSSC3 

RPL27A 

ST5 

LDHA 

MDK 

DOC-IR 

MMPI2 

HYOUI 

SCNN I A 

LDHB 

KRT7 

KRT5 

KRT6E 

ERBB3 

NACA 

TM4SF3 

NTS 

ASCLI 

TXNRDI 

CKAP4 

COX6A 1 

BGN 

RAN 

RPL36A 



PGD 

THBS2 

TRAF4 

SPINTI 

RPLI7 

PKM2 

IDH2 

RPL23A 

MSLN 

UBE2I 

RPS2 

CLDN9 

ARL6IP 

EIF3S8 

TUFM 

ALDOA 

NME4 

GPR56 

CDHI 

NQOI 

SLC7A5 

APRT 

GALNS 

RPLI3 

MCP 



CV/ro. D'txtance from p arm of each 
chromosome ( Mh) 



8 
8 
8 
8 
8 
8 
8 
8 
8 
9 
9 
9 
9 
9 

10 

10 

10 

10 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

44— 



14 

15 

15 

15 

15 

15 

15 

16 

16 

16 

16 

16 

16 

16 

16 

16 

16 

16 

16 

16 

16 

16 

16 

16 

17 



56.7 
74.6 
98.5 
98.7 
101.6 
101.78 
144.4 
144.5 
145.6 
■117.1 ■ 
121. 1 
121.5 
124.4 
133.4 
3.2 
5.1 
75.6 
76.7 
0.434 
2.9 
2.9 
8.7 
8.8 
18.5 
46.4 
67.5 
102.8 
118.9 
6.3 
21.7 
52.3 
52.6 
52.6 
56.2 
56.8 
71.2 
86.2 
103.3 
104.6 
106.6 
120.7 
122.5 
129.88 
-48H 



50.7 

37.5 

38.3 

38.7 

45.26 

70.1 

88.2 
0.377 
0.753 
1.3 
1.95 
3.1 

18.7 

28.3 
28.9 
30.1 
53.6 
57.4 
68.5 
69.5 
87.6 
88.6 
88.6 
89.3 
32.4 



0.0482 
0.0486 
0.0497 
0.0054 
0.0093 
0,0119 
0.0121 
0.0122 
0.0128 
0.0136 
0.0133 
0.0135 
0.0137 
0.0139 
0.0223 
0.0146 

0.0289 
0.0143 
0.0151 
0.0611 
0.0156 
0.0162 
.0.0168 
0.0162 
0.0167 
0.0177 
O.0I83 
0,0185 
0.0193 
0.0196 
0.0197 
0.0201 
0 02 1 2 
O.02I8 
0.0401 
0.0215 
0.0219 
0.0223 
0.0124 
0.0435 
0.0235 
0.0238 
0.0243 



0.0248 

0.0251 

O.0253 

0.0254 

0.0411 

0.0258 

0.021 1 

0.0264 

O.0366 

O.027 1 

0.028 1 

0.0329 

0.0412 

0.0336 

0.0377 

0.038 

0.038 1 

0.0386 

0.0289 

0.0396 

0.0397 

0.0411 

0.0255 

0.0431 

0.0465 
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Tabic I (coniuiued) 



OVwr sytnhaf 


Chro. 


Distance from p arm of each 
chromosome (Mh) 


a 


ERBB2 


17 


35.11 


0.0483 


JUP 


17 


39.8 


0.0495 


CRF 


17 


40.39 


0.0505 


RPL27 


17 


41.1 


00046 


NMEI 


17 


46.59 


0.0082 


COI.IAI 


17 


48.6 


0.0108 


ABCO 


17 


49.1 


0.0326 


NME2 


17 


49.6 


0.0 1 1 1 


RPI.38 - 


17 


. 72.7 


0.01 17 


SMT3H2 


17 


73.6 


0 01 19 


SYNOR2 


17 


76.6 


0 0122 


LGALS3BP 


17 


77.4 


0.0127 


P4HB 


17 


80.3 


0 0126 


PPAP2C 


19 


0.221 


0.0228 


GPI 


19 


39.55 


0.0145 


HPN 


19 


40,2 


0.0129 


2NK146 


19 


Tr.4* w -~- 


0.01*3 T 


SPINT2 


19 


43.4 


0.0238 * 


PSMDX 


19 


43.5 


0.0132 


YIFIP 


19 


43.5 


0.0135 


RPSI6 


19 


44.6 


0.0144 


CKACAM5 


19 


46.9 


0.0145 


CEACAM6 


19 


46.9 


0 0143 


OIPR 


19 


50.8 


0 0259 


SNRPD2 


19 


50.9 


0 0413 


K DELHI 


19 


53.6 


0 0152 


RPL2K 


19 


60.6 


0 0156 


RPS5 


19 


61.6 


0 0267 


TRIM2S 


19 


63.7 


0 0158 


DAP 


20 


35.6 


0 0166 


TOPI 


20 


40.3 


0 0172 


UBE2C 


20 


45.1 


0 0174 


RPS2I 




. 01 .0 


U.UZOO 


EF.F1A2 


20 


62.8 


00185 


TFF3 


21 


42.6 


0.0186 


TFFI 


21 


42.7 


0.0192 


CSTB 


21 


44.1 


0.0201 


MIF 


22 


22.6 


0.0202 


XBPI 


22 


27.5 


0.0204 


PRDX4 


X 


22.9 


0.0198 


SYNI 


X 


46.3 


0.0204 


TIMPI 


X 


46.3 


0.0209 


PLP2 


X 


47.8 


0.0212 


MAOFHI 




vn 


00331 


RPS4X 


X 


71 


0.0124 


SSR4 


X 


152.6 


0.0232 



(Supplementary Figure 4S). In contrast, EEF1A2 and 
KCIP-I protein levels remained unchanged in mock^ 
treated control cells and in cells trans fee ted with a 
scrambled siRNA sequence. At 48 h after siRNA 
transfection, the percentage of proliferation of the 
transfected canoer cells was reduced to 15-30% as 
compared with 91-100% of cell proliferation of the 
same cell lines treated with PBS or scrambled siRNA 
(Supplementary Figure 5S). Apoptosis of siRNA- 
transfected cells was 27-34%, whereas only 4% of the 
same cell lines treated with PBS or scrambled siRNA 
showed apoptosis. These results strongly support an 
oncogenic role for the identified genes in lung cancer and 
confirm their potential usefulness as therapeutic targets 
for the disease. 



Amplification and protein expression of KCIP-I and 
EEFIA2 in lung tissue 

To further validate these findings and to assess the 
possible clinical significance of the four potential 
putative oncogenes identified from the cell lines, we first 
applied fluorescence in situ hybridization and immuno- 
histochemical analysis, in parallel, to commercially 
available human lung tissue microarrays (Ambion, 
Austin, TX, USA) to evaluate the status of two of these 
four genes in lung cancer tissue specimens. (Commer- 
cially available antibodies to PRDXI or CALR were 
not suitable for use in immunohistochemical analysis 
when this report was written.) Overexpression of KC1P- 
1 and EEF1A2 protein in the tumors was concordant 
with amplification of the corresponding genes 
(/>;=0.0003 for KC1P-1 and P^O.OOIl for EEF1A2). 
For example, 16 (35%) of the 46 lung adenocarcinomas 
in the microarray showed amplification of KCtP-L and 
strong cytoplasmic staining for KCIP-I protein was seen 
in 18 tumors (39%) (Figure 2). We next examined 
whether overexpression of these genes was associated 
with increased cell proliferation by analysing Ki-67 
e xpre ss ion in contiguous sections of the tissue micro - 
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corresponding increases in both DNA copy number and 
mRNA provides further evidence that these could be 
oncogenes, the activation of which is reflected by 
genomic amplification and consequent increases in 
transcript level in lung adenocarcinoma cell lines. 

Specific inhibition of EEFJA2 and KCIP-1 expression by 
siRNAs led to decreased cell proliferation and induction of 
apoptosis 

To further prove the oncogenic function of the identified 
genes in lung tumorigenesis, we used siRNAs to inhibit 
the endogenous expression of EEF1A2 and KCJP-I 
rolein in four lung cancer cell lines (HI563, H229, 
"522, and SK-LU). Transfection of the cancer cells with 
specific siRNAs reduced the level of EEFIA2 and 
KCIP-I protein by 70 90% 48 h after transfection 



arrays. Positive Ki-67 expression was found to correlate 
with positive expression of both KCIP-I (P = 0.02) and 
EEF1A2 (P = 0.0l). To extend these findings, we then 
studied 1 1 tissue microarray blocks comprising normal 
and tumor tissue specimens from 113 patients with 
pathologic stage 1 non-small-cell lung cancer who had 
undergone curative surgery (Wang et a/., 2005). 
Immunohistochemical analysis showed that EEF1A2 
was expressed in 32 cases (28%) and KCIP-I in 29 cases 
(26%). Univariate and multivariate Cox proportional 
hazards models were used to detect possible associations 
between EEFIA2 and KCIP-I expression and clinico- 
pathologic variables. Expression of EEFI A2 or KCIP-I 
was associated with short overall survival time 
(/> = 0.00l2 for EEFIA2 and /> = 0.0026 for KCIP-I) 
(Supplementary Figure 6S). Age at diagnosis, histologic 
type of cancer, degree of tumor differentiation, and 
smoking history were not associated with survival time. 

Although only two genes were validated in the lung 
tissue microarrays (because available antibodies to 
the other two genes were not suitable for use in 
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Tabic 2 



Proteins showing significant ovcrcxpression in cancer cell lines relative to those in normal bronchial epithelial cell lines and their 
correlation coefficients with increased DNA copy number or mRNA values* 



Arc. no. Gem* H) Gene 




M \vjp\ Description 



r with geno- 
mic copy 
changed 



Q06830 


5052 


PRDXI 


Q05639 


1917 


KKKIA2' 


P27797 


811 


CALR 


P63I04 


7534 


KCIP-I 


P07237 


5034 


P4HB 


Q04695 


3872 


KRVI7 


P092II 


2950 


GSTPI 


P 17936 


3486 


IGFBP-3 


P2664I 


1937 


EEFIG 


P0K727 


3880 


KRTI9 


P04792 


3315 


HSPBI 


P0055K 


5230 


PGKI 


Q0I995 


5876 


TAGUM 


P0K63I 


3055 


JTK9 


P09382 


„ 3956 


LGALSi 


0927H4 


8110 


OPF3 


P54257 


9001 


HAPI 


PCI5783 


3875 


KRTI8 


P05787 


3856 


KR1*8 


P00738 


3240 


HP 


P09769 


2268 


FGR 


PI 9X38 


4790 


NFKBI 


P29034 


6273 


SI00A2 


•'QI3I05 


7709 


ZBTBI7 


Q00987 


4193 


MDM2 


P27KI6 


4134 


MAP4 


P52732 


3832 


KIF1 1 


P25205 


4172 


MCM3 


k 1*08631 


3055 


HCK 


1 P(»9237 


4316 


MMP7 


f P30305 


994 


CDC25B 


P50290 


998 


CDC42 


P6I586 


387 


RHOA 


P63000 


5879 


RACI 


P07437 


203068 


TUBB 


P24864 


898 


CCNEI 


PCM 141 


1437 


CSF2 


P28072 


5694 


PSMB6 


P00352 


216 


ALD- 






HIAI 


Q030I3 


2948 


GTM4 


P6324I 


1984 


EIF5A 


001469 


2171 


EFABP 



48.4/5.4 Peroxiredoxin I 

50.5'5.7 Bukaryotic translation elongation factor ! alpha 2 

61/5.5 Calrcticulin 

27/6.5 Tyrosine 3-monooxygcnasc activation protein, zeta 

54/6.2 Procollagen-proline, 2-oxoglutarale 4-dioxygenasc 

48.0/4.9 Keratin 17 

23.2/4.7 Glutathione ^-transferase pi 

31.6/5.8 Insulin-like growth-factor binding protein 3 

50/6.4 Eukaryotic translation elongation factor I gamma 

44.1/5.2 Keratin 19 

22/6.5 Heat shock 27kDa protein I 

44.5/4.2 Phosphoglycerate kinase I 

22.5/4.3 Transgclin 

59.5/6.8 Hemopoietic cell kinase 

-1-6/5.5- — Gaieclin-1, galacioside-bindi..^, joiuble, J * ~ 

25.8/4,8 D4, zinc and double PHD fingers, family 3 

75.5/6.5 Hunlington-associatcd protein I 

48/5.3 Keratin 18 

9.2/4.4 Keratin 8 

55.2/6.2 Haptoglobin 

59.5/5.2 Gardner-Rashced feline sarcoma viral oncogene homolog 

50.4/6.3 Nuclear factor of kappa light gene enhancer in B-cclls I 
10.9/4.6 • SI00 calcium-binding protein A2 

87.9/5.3 Zinc-finger and BTB domain containing 17 

75.2/4.8 Transformed 3T3 cell double minute 2 

1 1 1/5.4 Microtubulc-associated protein 4 

119.2/6.2 Kinesin family member 1 1 

90.9/5.5 Minichromosomc maintenance deficiem 3 

59.5/5.7 Hemopoietic cell kinase 

22.6/5.8 Matrix mctalloprotcinasc 7 

64.9/4.5 Cell division cycle 25B 

21.3/6.1 Cell division cycle 42 (GTP-binding protein, 25kDa) 

19.8/6.9 Ras homolog gene family, member A 

21.5/6.8 Ras-related C3 botulinum toxin substrate I 

49.6/6.5 Tubulin, beui polypeptide 

47.1/4.3 Cyclin Kl 

16.9/6.3 Colony stimulating factor 2 (granulocyte-macrophage) 

25.3/5.2 Proteasome (prosome, macropain) summit, beta type, 6 

54.7/4.3 Aldehyde dehydrogenase I family, member A I 

25.3/5.0 Glutathione ^-transferase M4 

10/4,4 Eukarvotic translation initiation fartnr SA 



1 8.0/4.2 Fatty acid-binding protein 5 



0.92364 
0.90218 
0.84128 
0.84467 
0.91884 
0.00236 
0.84218 
0765*12'' 
0.00446 
-0.04884 
0.00364 
0.50402 
-0.34128 
• 0.01446 
0:026623 
0.094884 
0.12364 
0.010218 
0.041280 
0.044679 
0.031264 
0.04467 
0.87964 
-0.17636 
-0.19782 
0.25872 
-0.25778 
0.25644 
0.65533 
0.234987 
0.045116 
-0.47636 
-0.49782 
-0.05583 
0.255533 
-0.65116 
-0.64636 
-0.69782 
-0.75872 

-0.78533 
-0 97893 



0.25684 



r with mRNA 
changed 



0.91892 
0.89456 
0.86434 
0.85499 

0.76786 
0.86892 
0.69456 
0. 1 6434 
0.8SS49 
0.86786 
0.31892 
0.79456 
-0.26434 
0.02549 
"Or&TTZS ~ 
-0.03214 
-0.08108 
0.6f>544 
0.84566 
-0.14501 
-0.13789 
-0.14501 
0.243214 
0.048108 
-0.50544 
-0.05356 
-0.53444 
0.053666 
0.054501 
0.876820 
0.283214 
0.088108 
-0.00544 
-0.03566 
0.145010 
0.232149 
-1.28108 
-1.30544 
0.03356 

0.134501 
-I 44371 



-0.36432 



•Only the gene showing statistically significant increased protein expression with increases in both genomic copy number and transcript 
simultaneously will be considered as potential putative oncogene in lung adenocarcinoma cells. V, Spearman correlation coefficients between 
proteins and genomic or mRNA values are based on all six cancer cell lines; bold indicates f><0.05, if r >0.84000. Mw, molecular weight; p/, 
isoelectric point. .-■**. 
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immunohistochemical analysis), these findings are con- 
sistent with those from our cell lines, demonstrating 
again that genomic amplification and consequent 
increases in amounts of transcript may be, at least in 
pari, driving the abundance of proteins in these lung 
tumors. The association between expression of these 
genes and that of Ki-67, a known indicator of poor 
prognosis in lung cancer (Martin et a/., 2004), suggests 
that activation of these genes may be an indicator of 
tumor aggressiveness. These results also suggest that 
^expression or EEFI A2 and KC1P-] proteins in stage I 
on-small-cell lung cancer may be useful as a marker for 
distinguishing patients with relatively poor prognosis 
from those who might benefit from adjuvant treatment; 



Discussion 

Our current study illustrates the power of integrated 
functional genomic analyses for identifying putative 
oncogenes and for evaluating their potential clinical 
significance. Among the four identified oncogenes, three 
genes {PRO XL CALR, and KCIP-J) have been im- 
plicated in lung tumorigenesis. PRDXI is an antioxidant 
protein involved in regulating cell proliferation, differ- 
entiation, and apoptosis. Kim et al. (2003) found 
PRDXI expression to be elevated in both lung cancer 
and adjacent normal lung tissue, suggesting that 
activation of PRDXI may enhance proliferation in lung 
cancer. CALR has a major role in Ca 2+ binding and the 
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Figure I Confirmation by Southern. Northern, and Western blot 
analyses of increased DMA copies, transcript levels, and protein 
levels in the four genes identified in high-throughput analyses. For 
comparison, we arbitrarily chose one gene, NFKB1 % in which an 
increased protein level did not correlate with genetic changes. The 
bloiiing results are consistent with the results from the CGH array, 
irunscript array, and proteomic analyses. Nor, indicates normal 
bronchial epithelial cell line. All the experiments were repeated at 
least three limes with each cell line. Means of normalized to 0-aclin 
signal intensities on Southern. Northern, and Western blots, along 
with 95% confidence intervals, were calculated (0-actin signals are 
not shown in the figure; two different normal bronchial epithelial 
cell lines were used in the confirmation and only one normal cell 
line is shown in the figure). 
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transcriptional regulation of other genes and was 
^recently found to be bverexpressed in 73% of 40 lung 
adenocarcinomas (Oates and Edwards, 2000). KCIP-1 
belongs to the 14-3-3 family, which participates via the 
MAPK and Wnt signaling pathways in the regulation of 
many cellular processes including cell proliferation and 
differentiation as well as tumorigenesis (Thomas et aL, 
2005). KCIP-1 was recently found to be expressed in all 
12 lung tumors tested in a single-institution study (Qi 
el aL 2005). Interestingly, EEF1A2 was originally 
considered a putative oncogene in ovarian cancer on 
the basis of its being amplified in 25% and over- 
expressed in 30% of the same set of ovarian tumors 
(Anand et aL, 2002); functional analyses have estab- 
lished its oncogenic role in cellular transformation (Lee, 
2003). Our discovery that EEF1A2 may be a putative 
oncogene in lung adenocarcinoma demonstrates the 

k 0we . r . of our flinctional genomic strategy for rapidly 
entifying potential oncogenes. 

Although the main focus of this study was to 

spmiically identify putative oncogenes, it should be 



noted that 90.7% of the genes showing high protein 
expression did not show corresponding increases 
in both DNA copy number and transcript, a finding 
consistent with that of others that transcriptional, 
translational, and post-translational regulatory mecha- 
nisms can greatly influence the abundance of protein 
in lung tumorigenesis (Chen et aL, 2002). For example, 
NFKB1 is a critical arbiter of immune responses, 
cell survival, and transformation and is often activated 
in several types of tumors <Chen et aL, 2002). De- 
regulation of NFKB1 is thought to be modulated 
through phosphorylation of Ser337 by protein kinase 
A (Chen et aL, 2002). In our study, 68.8% of the 
genes showing over-representation in the genome 
did not show elevated transcript levels, implying 
that at least some of these genes are 'passenger' genes 
that are concurrently amplified because of their 
iocation -with respecm<r "amplicons but lack bio- 
logical relevance in terms of the development of lung 
adenocarcinoma. 

Although the potential oncogenes we identified here 
are likely to be important, certainly other oncogenes 
could be involved in the development of lung adeno- 
carcinoma. The oligo microarray we used consists of 
22000 probes, which represent only about 60% of the 
human genome. Moreover, each probe was designed for 
the 3' region of expressed sequence tags of the selected 
genes. Also, our results were initially derived from 
cancer cell lines, although the findings were later 
confirmed in human tissue samples. Our ongoing study 
using microarrays with information on more genes 
and the development of high-resolution proteomic 
analyses for use with larger numbers of specimens will 
allow more comprehensive analyses of the molecular 
consequences of gene amplifications. Such expanded 
analyses will very likely lead to the identification of 
additional oncogenes. 

Some of the results of our current study were 
comparable to those of other studies of lung cancer. 
For example , genomic copy number a n d protein levels 
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of KCIP-I were previously found to be amplified and 
overexpressed in primary lung cancers by cDNA clone- 
based CGH array analysis (Jiang et aL, 2004) and 
proteomic analysis (Chen et aL, 2002), respectively. Our 
functional genomic approach, which integrates simulta- 
neous CGH, transcript microarrys, proteomic analyses, 
and siRNA, allows us not only to quickly identify 
potential oncogenes but also to explore their significance 
as diagnostic and therapeutic targets in tumor progres- 
sion - more than could be achieved by any technique 
alone. 

Genes identified in this way may serve as promising 
targets for diagnosis and therapy in lung adenocarci- 
noma. Further research on the clinical implications of 
such genes is needed; experiments now underway in our 
laboratory include overexpression of the genes in 
normal cells, disruption of the function of these genes 
in cancer cells, and investigation of how interactions 
among these genes (or interactions with other known 
oncogenes) may mediate the expression of the trans- 
formed phenotype. 
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2^^^ SS5f ■ W "* ft™ Pr0ldn CXf "^ ion in ,un * adenocarcinomas, (a) Cells from a lung 
l,n»^ • k. ? - . whic * /^'^ ,s amplified show more green signals (EEFIA2J than red signals (chromosome 2a 

?sW^ ? ^ <?i rmm T hiSt0ChemiCal Stainine 0f 061,5 f ™ the t^sue simVe asTn pLel 

shows sirong EEF A2 staining in the cytoplasm, (c) A lung adenocarcinoma sample with two copies of EEFIA2 and chromosome 20 

ccntromcnc probe, indicating no EEFIA2 amplification (original magnification, x 400). (JWmiiii^^ 

Irom the same tissue sample as in panel c shows negative staining for EEFIA2. m«ocnemicai sunning oi ecus 



Materials and methods 

Cell lines 

Six human lung adenocarcinoma cell lines (H23, H229, H I 792, 
SK-LU-I. H522, and H1563) were obtained from the 
American Tyj* Culture Collection (Manassas, VA, USA). 
Two norma l hronch i nl ep i thelia l cel l l i nes were o bta i ned fr o m 



Clontech (Palo Alto, CA, USA). Genomic DNA, mRNA, and 
protein were derived from a single harvest of these cells. 

DNA and RNA profiles by microarray analysis 
Genomic DNA labeling and hybridization were performed as 
described previously (Barrett et aL 2004) with Agilent's 
Human I A Oligo Microarray (V2) (Agilent Technologies, 
Palo Alto. CA, USA), which, contains 22000 unique 60-mer 
oligos. Details of the protocol for analysing transcripts are 
available at hup://\vww:chem.agilent.com. Map positions for 
arrayed genes were assigned by identifying the DNA sequence 
represented in the UniGene cluster and matching it with the 
Golden Path genome assembly (http://genome.ucsc.edu/; Mat 
7, 2004 Freeze). Microarray images of DNA copy number and 
expression were analysed by using AgilcntCGH Analytics and 
Feature Extraction software. DNA copy number profiles that 
deviated significantly from background signal ratios (measured 
from normal control cell hybridization, as described elsewhere; 
Barrett et aL. 2004) were interpreted as evidence of true 
differences in DNA copy number. The criteria for defining 
genomic over-representation and amplicons are described 
elsewhere (Hvmaii rt aL 2002): details, are given in the 

Oncogene 




Supplementary Information. An increase in mRNA level was 
defined as a twofold increase in signal ratio relative to that of 
the control (log 2 > I). 

Quantitative two-dimensional PAGE and mass spectrometry 
Analysis of proteins by two-dimensional PAGE and their 
identification by mass spectrometry were performed as 
previously described (Shen et aL 2004). Briefly, protein pellets 
were solubilized in rehydration buffer, after which the first- 
dimension isoelectric focusing was carried out with a Protean 
IEF Cell (Bio-Rad Laboratories) and the second-dimension 
separation was carried out with Bio-Rad's Ready Gel Precast 
Gels and the Bio-Rad Criterion Cell apparatus. Protein spots 
were visualized by silver-based staining, and all gels were 
assessed with Bio-Rad's PDQuest 2D gel image analysis 
software. Selected spots were subjected to in-gel tryptic 
digestion and analysed on a Voyager-DE PRQ matrix-assisted 
laser desorption ionization/time-of-flight mass spectrometer 
(Applied Biosystems, Foster City, CA, USA). The mass list of 
the 20 most intense mo noiso topic peaks for each sample was 
entered in the MS-Fit search program (V3.2.I) (http:// 
prospector.ucsf.edu/ucsfntmt4.0/msfit.htm) and searched in 
the National Center for Biotechnology Information protein 
database. 

Southern. Northern, and Western blot analyses 
Southern, Northern, and Western blot hybridizations were 
performed according to standard protocols. -cDNA clones for 
the tested genes were purchased from Invitrogen (Carlsbad, 



Best Available Copy 



Identifying oncogenes in lung adenocarcinoma 

RUetat 






CA, USA) and prepared as probes Tor the blot hybridizations. 
Antibodies used were obtained as follows: PRDXI, CALR, 
NFKBI, KCIP-I. and /?-actin from Santa Cruz Biotechnology 
(Santa Cruz, CA. USA); and EEFIA2 from Upstate Biotech- 
nology (Wu Una m. MA. USA). 

Fluorescence \n situ hybridization and immunohistochemical 
analyses of lung tissue nucroarrays 

Fluorescence in situ hybridizations and immunohistochemical 
analyses of KCIP-I and EEFIA2 were carried out as described 
elsewhere (Jiang et aL 2002; Wang et aL % 2005) with Lung 
Tissue Microarrays (Amnion, Austin, XX, USA) and II 
homemade microarray blocks containing tissue samples from 
113 patients with pathologic stage I non-small-ccll lung cancer 
(Wang et aL 2005). DNA probes specific for KCIP-I and 
EEFIA2 were obtained by screening a Human BAC Clone 
library f Invitrogcn) by polymerase chain reaction as described 
previously (Jiang et a/.. 2002). The antibodies used for the 
immunohistochemical analyses were the same as ihose used 
^for the Wc^crirbioiting.X:ell proliferatl6n~of the lung tissues 
was assessed with a Ki-67 monoclonal antibody from Santa 
Cruz Biotechnology. Definitions of the cutoff value for a 
positive result or each antibody are shown in Supplementary 
Information. 

siRNA transfettion. cellular proliferation assay, and apoptosis 
analysis 

Transfcctions were carried out by using siPORT Lipid 
Transfcclion Agent (Ambion) with siRNAs targeting KCIP-I 
or EEFIA2 or with a scrambled siRNA duplex (siControl) 
(Dharmacon Inc.. Lafayette, CO, USA), with PBS used as a 
negative control (Jiang et aL 2002). Cells were fixed 24, 48, or 
96 h later and subjected to further tests. All siRNAs were 
prepared by using a transcription-based method with Silencer 
siRNA according to the manufacturers instructions (Am- 
bion). Sequences of the individual siRNAs are listed in 
Supplementary Table 4S. Inhibition of cell growth by the 
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Genetic Instability in Epithelial 
Tissues at Risk for Cancer 
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Abstract: Epithelial tumors develop through a multistep process driven by 
genomic instability frequently associated with etioiogic agents such as pro- 
longed tobacco smoke exposure or human papilloma virus (HPV) infection. 
The purpose of the studies reported here was to examine the nature of genomic 
instability in epithelial tissues at cancer risk in order to identify tissue genetic 
biomarkers that might be used to assess an individual's cancer risk and 
response to chemopreventive intervention. As part of several chemoprevention 
trials, biopsies were obtained from risk tissues (i.e., bronchial biopsies from 
chronic smokers, oral or laryngeal biopsies from individuals with premallg- 
nancy) and examined for chromosome instability using in situ hybridization. 
Nearly all biopsy specimens show evidenc e for chromosome instability 
Uirougnom me exposeo tissue, increaseo cn romosome instability was observed 
with histologic progression in the normal to tumor transition of head and neck 
squamous cell carcinomas. Chromosome instability was also seen in premallg- 
nant head and neck lesions, and high levels were associated with subsequent 
tumor development In bronchial biopsies of current smokers, the level of 
ongoing chromosome instability correlated with smoking intensity (e.g., 
packs/day), whereas the chromosome index (average number of chromosome 
copies per cell) correlated with cumulative tobacco exposure (i.e., pack-years). 
Spatial chromosome analyses of the epithelium demonstrated multifocal clonal 
outgrowths. In former smokers, random chromosome instability was reduced; 
however, clonal populations appeared to persist for many years, perhaps 
accounting for continued lung cancer risk following smoking cessation. 

Keywords: chromosome instability; epithelial cells; aerodigestive tract; 
chemoprevention; cancer risk 



THE NEED FOR BIOMARKERS OF CANCER RISK AND 
RESPONSE TO INTERVENTION 



Epithelial cancers remain a major health challenge in the world. Despite improve- 
ments in staging and the application and integration of surgery, radiotherapy, and 
chemotherapy, the 5-year survival rate for individuals with lung cancer is only about 
15%.' Even if strategies for early detection are successful and lung cancers 
are detected at a stage where local tumor resection and treatment is curative, 
these patients will still be at significant risk for developing second primary tumors 
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associated with the problem of field cancerization. 2 Similarly, for individuals with a 
first head and neck primary tumor, even if the first malignancy is successfully treat- 
ed, the risk of developing a second primary in the tobacco smoke-exposed field is 
approximately 40%. 3 Similar cancer risk estimates exist for individuals who exhibit 
severe dysplasia in premalignant epithelial lesions. 4 For these reasons, it is important 
to focus on chemopreventive strategies to prevent the development of epithelial 
malignancies. 

Several problems confront chemoprevention trials designed to identify effica- 
cious agents. 5 First, chemoprevention trials with cancer incidence as a primary end- 
point require tens of thousands of subjects and tens of years of intervention and 
follow-up for statistical evaluation. For example, a recently reported trial involved 
30,000 subjects and required 10 years in order to examine the impact of prevention 
strategies on lung cancer development, only to find a possible increased lung cancer 
incidence in current smokers who received p-carotene. 6 

The problem of large, long-term trials results from the difficulty in identifying 
individuals at highest cancer risk who might best benefit from chemopreventive 
intervention. For example, 20 pack-year smokers, while known to be at relatively 
increased risk for developing lung cancer, have approximately a 10% lifetime risk 
for developing lung cancer/ This seriously limits the number of potentially useful 
strategies4hatcaiO>exumca^ 

trials is that little is known about what agents are likely to have efficacy, and even 
less is known regarding proper doses, schedules, and durations of treatment Part of 
the reason for this problem is that too little is known about the physiologic processes 
that drive epithelial cancer development. 

In order to reduce the number of subjects and the time required to carry out 
chemoprevention trials and thus allow the exploration of multiple prevention strate- 
gies, two types of advances are necessary. First, it is important to identity individuals 
at significantly increased cancer risk who might best benefit from different types of 
intervention. Second, in order to allow the rapid identification of agents, doses, and 
schedules of potentially efficacious agents, it is necessary to identify and validate 
surrogate endpoints of response that indicate whether the agents are having a posi- 
tive impact on the target tissue during the chemopreventive intervention. 

One approach to identifying individuals at increased aerodigestive tract cancer 
risk is to explore epidemiologic features of potential subjects. Molecular epidemio- 
logic studies are beginning to identify intrinsic host factors that place some individ- 
uals at increased cancer risk, especially those with a chronic smoking history. 8 Most 
intrinsic factors identified thus far reflect levels of carcinogen metabolism, repair 
capabilities of the host following DNA damage, and other measures of intrinsic 
cellular sensitivity to mutagens. While these factors can provide statistically signif- 
icant risk ratios in case-control studies that are controlled for tobacco exposure, the 
detected risk ratios usually faU in the range of 1.5 to 10. Unfortunately, this is not 
sufficient for the individualization of treatment and is not sufficiently high to signif- 
icantly reduce the numbers of subjects required for chemoprevention trials with 
cancer incidence as the primary endpoint 

Another approach to identifying individuals at increased cancer risk is to directly 
examine the target tissue of individuals with known carcinogen exposure (e.g., 
chronic tobacco smoke exposure), who have evidence of target organ dysfunction 
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(e.g. t chronic obstructive pulmonary disease, changes in voice quality), or who 
have clinical evidence of premalignancy (e.g., bronchial metaplasia/dysplasia, oral 
leukoplakia/erythroplakia, cervical intraepithelial neoplasia). The conventional 
standard for assessing cancer risk in these situations is the degree of histological 
change. However, while individuals who show moderate to severe dysplasia are 
known to be at increased cancer risk when compared to individuals with lesser his- 
tologic changes, it is often difficult to distinguish reactive changes to carcinogenic 
insult from initiated and progressing lesions. Similarly, upon cessation of carcino- 
genic insult, histologic changes may reverse yet cancer risk may continue for many 
years. For example, while smoking cessation is associated with decreased bronchial 
metaplasia, increased lung cancer risk continues for many years beyond smoking 
cessation. 10 In fact, nearly half the newly diagnosed lung cancer cases in the USA 
occur in former smokers. 11 

The development of assays to identify individuals at high epithelial cancer risk 
and to directly assess response to intervention in the target tissue is therefore an 
important research goal. Such assays should be objective and easily quantifiable and, 
if possible, minimally invasive. Moreover, they should reflect both the disease pro- 
cess and the targeted pathway and thereby be useful in assessing risk and monitoring 
response to intervention as well as directly testing the hypothesized mechanism of 
acUon-otthe-Ghemopreventive-strategy, 

In the chemoprevention setting it is important to recognize that one does not 
know the location of the future cancer. Thus, assays must necessarily be carried out 
on random biopsies of the field at risk. Even if there are clinically evident premalig- 
nant lesions, this does not mean that this is the likely site for a future malignancy. 
For example, nearly half of the cancers that develop in individuals with oral leuko- 
plakia arise away from the original index lesion. Similarly, since many newly diag- 
nosed lung cancers arise in the peripheral parts of the lung (e.g., adenocarcinomas), 
especially in former smokers, and since endobronchoscopy predominantly accesses 
central components of the lung, it is important to identify biomarkers that can reflect 
global processes ongoing in the target epithelial field associated with increased can- 
cer risk. Their discovery requires a better understanding of the tumorigenesis pro- 
cess in epithelial fields at cancer risk. 



THE RATIONALE FOR STUDYING 
GENOMIC INSTABILITY AS A MARKER OF RISK 

l\imors of the aerodigestive tract have been proposed to reflect a "field canceriza- 
tion" process whereby the whole tissue is exposed to carcinogenic insult (e.g., tob- 
acco smoke) and is at increased risk for multistep tumor development. 12 * 13 Several 
types of clinical and laboratory data support this notion, including the frequent 
occurrence of synchronous primary and subsequent second primary tumors in the 
aerodigestive tract (frequently exhibiting dissimilar histologies as well as distinct 
genetic signatures 14 " 16 ) and the presence of premalignant lesions that precede and/or 
accompany the tumor in the exposed tissue field. 17 The notion of a multistep tumor- 
igenesis process is further supported by serial clinical and histologic evaluations of 
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target tissue or exfoliated cells where increasing degrees of histological abnormali- 
ties are observed over time. 18 

A working model for aerodigestive tract tumorigenesis is illustrated in Figure 1. 
Tumorigenesis in the face of carcinogenic exposure likely involves a chronic process 
of tissue injury and wound healing. DNA damage induced by the carcinogen is likely 
fixed into permanent genetic changes (e.g., chromosome damage, chromosome non- 
disjunction, gene mutation, gene deletion, etc.) during the process of proliferation. 
This damage would be expected to be distributed throughout the exposed tissue field 
leading to a background of generalized genomic damage (depicted in Figure 1 as a 
background mat of increasing density). Chronic injury and repair likely leads to the 
accumulation of cells with increasing amounts of genetic changes as well as the out- 
growth of abnormal clones (triangles in Figure 1) carrying an accumulation <5f 
genetic changes important for selective survival, dysregulated growth, and preferen- 
tial epithelial take-over by initiated clones (see Figure 2). 

Cellular and molecular evidence for the field carcinogenesis and multistep tum- 
origenesis model comes from many laboratories. 19 » 20 With the advent of a wide array 
of molecular technologies, a large number of specific molecular genetic and epige- 
netic changes involving specific oncogenes, tumor suppressor genes, cell regulatory 
genes, and repair genes have now been described for aerodigestive tract cancers. The 
identific ati on of these s pecific molecular chang e have now provided probes m 
explore specific events occurring in premalignant lesions adjacent to aerodigestive 
tract tumors. 21 24 Frequently, these premalignant lesions showed a subset of the 
same molecular changes found in the associated tumor, suggesting that these lesions 
might represent precursor lesions for the associated tumors (i.e., a manifestation of 
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FIGURE 1. Field cancerization and multistep tumorigenesis. 
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FIGURE 2. Multiple focal clonal evolution during multistep tumorigenesis. 



a multistep tumorigenesis process). For example, studies of the premalignant lesions 
adjacent to head and neck tumors have provided evidence for a gradual accumulation 
of genetic alterations accompanied by evidence for dysregulation of cellular control 
mechanisms (e.g., alterations in expression of PCNA, EGFR, TGF-B p53 and 
cyclin Dl). 25 " -28 ' 

These types of studies have now also been applied to the target epithelium of indi- 
viduals at increased risk for aerodigestive tract cancer (i.e., individuals with a chron- 
ic smoking/alcohol history and/or prior aerodigestive tract cancer). Several groups 
(using polymerase chain reaction, PCR, analysis of microdissected epithelium) have 
now demonstrated the presence of clonal outgrowths in the target premalignant epi- 
thelium of individuals at increased risk for cancer. 29 " 31 For example, examination of 
bronchial biopsies derived from individuals with a 20 pack-year smoking history 
demonstrated that 76% of the cases showed evidence for LOH (3pl4, 9p21, or 
17pl3) in at least one of six lung biopsy sites. On a per site basis, some form of LOH 
was observed in 25% of the sites examined 29 

If aerodigestive tract cancer development reflects a field cancerization process 
involving multistep events, then risk and response information should be able to be 
derived from random biopsies or exfoliated cells from the field at risk or from assess- 
ments of tissue undergoing similar processes. Hypothetically, lesions exhibiting the 
greatest degree of genomic instability, clonal outgrowth, and abnormal epithelial 
regulation would be at the highest relative aerodigestive tract cancer risk. Similarly 
an active chemopreventive intervention might be expected to decrease these mani- 
festations of risk. Reduced risk manifestations include decreased levels of ongoing 
genetic instability, decreased frequency of clonal outgrowths, and increased epithe- 
lial growth regulation. 
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THE MEASUREMENT OF CHROMOSOME INSTABILITY USING 
CHROMOSOME IN SITU HYBRIDIZATION 

Molecular genetic techniques, while extremely useful for detecting clonal chang- 
es in targets tissues, are somewhat limited in their ability to detect random genetic 
instability. Conventional cytogenetic assays are useful for detecting chromosome 
instability and clonal chromosome changes. However, they require numbers of 
dividing cells for karyotypic analysis that are difficult to attain in the setting of biop- 
sies acquired during the course of a chemoprevention trial A technique was there- 
fore needed that would allow chromosome instability measurements in situations 
where few cells are available (e.g. small biopsies, brushings, or sputum samples) and 
where the target material might be fixed. It was also desirable to have a technique 
that would be adaptable to tissue sections, whereby spatial information could be 
retained and genotype/phenotype associations could be determined on the same or 
adjacent tissue sections. The technique of in situ hybridization (ISH) involves the 
use of DNA probes that recognize either chromosome-specific repetitive target 
sequences, chromosome single gene copy sequences, or sequences along the whole 
chromosome length or chromosome segments. 32 We have adapted the ISH technique 
for formalin-fixed, paraffin-embedded tissue sections and have applied it to a variety 
of tissues, including the aerodiges tive jract. 33 ' 34 

Using probes that label the centromere regions of specific chromosomes, this 
assay permits determination of the average chromosome number per cell for each 
specimen. This assay is also useful for detecting generalized chromosome instability 
during the tumorigenesis process. Normal diploid populations should have two cop- 
ies of each autosomal chromosome and should rarely show three or more chromo- 
some copies per cell (chromosome polysomy), especially in tissue sections where 
nuclear truncation results in an under-representation of chromosome copy number. 
Thus, the detection of cells with three or more chromosome copies would indicate 
the presence of chromosome instability. 

To examine this technique's potential for characterizing the multistep tumorigen- 
esis process in the aerodigestive tract, we measured the fraction of cells exhibiting 
three or more chromosome copies in apparently contiguous epithelial transitions 
from normal to hyperplastic to dysplastic to carcinomas, all on a single tissue slice 
of head and neck squamous cell carcinomas. 34 In these specimens, greater than 35% 
of the cases of adjacent "normal" epithelium, greaterthan 65% of the cases of hyper- 
plastic epithelium, and greater than 95% of the dysplastic and tumor regions showed 
evidence of chromosome polysomy. Of interest, similar transitions of chromosome 
instability were observed with at least four different chromosome probes. Similar 
trends have also been observed in amenable tissue from other epithelial malignan- 
cies, including cervix, bladder, and breast. 35 These results thus suggested that the 
notions of field cancerization and multistep tumorigenesis might apply to several 
epithelial tissues and that measures of chromosome instability might be useful for 
monitoring this process. 

In the situations described above, the premalignant lesions examined might be 
considered to represent epithelium at 100% risk of being in a cancer field, since they 
were located in the adjacent epithelium to the cancer. This then raises the question 
of the nature of genetic instability in the epithelium of individuals at increased risk 
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for developing cancer. To explore this issue, we obtained biopsies during the course 
of leukoplakia chemoprevention trials exploring the use of 13-m-retirioic acid in 
reversing leukoplakia and probed them for genetic instability using in situ hybridiza- 
tion. In one retrospective study and in one prospective study of subjects with oral 
leukoplakia, the results indicate that those subjects whose pretreatment biopsies har- 
bor relatively high levels of genomic instability (i.e., more than 3% of the cells 
examined showing at least 3 chromosome 9 copies per cell) have a significantly 
higher likelihood of suffering early onset of head and neck cancer. 36 * 37 Interestingly, 
half of the tumors that did develop occurred away from the biopsy site used to mea- 
sure genetic instability. This result suggests that genomic instability measurements 
in carcinogen-exposed tissue can provide useful cancer risk estimates. 



THE RELATIONSHIP BETWEEN TOBACCO EXPOSURE AND 

CHROMOSOME INSTABILITY 

In recent years, the aerodigestive tract chemoprevention group at M.D. Anderson 
Cancer Center has initiated three sequential biomarker-associated chemoprevention 
trials involving chronic smokers with a greater than 20 pack-year smoking history. 
-fa-eaGh-otthes^stadieSrendob 
within the lung, including the carina and at bifurcation points at the upper, middle 
and lower right lung and at the upper and lower left lung. Biopsies were obtained pri- 
or to and following chemopreventive intervention and were subjected to in situ 
hybridization analysis in addition to analyses for other biomarkers. The first impor- 
tant finding was that some degree of chromosome polysomy was evident in all lung 
sites examined, and this was observed independently of the particular chromosome 
probe utilized. 38 This finding supports the notion that random chromosome changes 
may be occurring throughout the exposed lung field. 

In a second study, bronchial biopsies were obtained from individuals with a 20 
pack-year smoking history. In this study, most of the subjects involved were current 
smokers/* Interestingly, all cases who showed metaplasia at one of six biopsy sites 
also showed chromosome polysomy in at least one biopsy site; overall, 88% of the 
sites showed some evidence of chromosome 9 polysomy. 40 Evidence for genetic 
instability was also detected in patients who did not show evidence of bronchial 
metaplasia in any of six biopsy sites despite a strong smoking history. In fact, more 
than 90% of the cases and more than 60% of the sites showed significant chromo- 
some polysomy (i.e., at least three copies in at least 2 % of the cells examined) 
These results suggest that the lungs of long-term smokers show significant evidence 
of genetic instability, and this instability can be detected throughout the accessible 
bronchial tree, even when bronchial metaplasia is not evident. 

These studies in current smokers has allowed us to examine the relationship 
between the levels of genetic instability detected and subject characteristics such as 
smoking status (current or former), smoking history, and lung tissue pathologic 
changes. Evaluable biopsy material has now been obtained from more than 108 cur- 
rent smokers, including more than 480 evaluable biopsy sites. The mean metaplasia 
index in these current smokers was 30.4%. For the total population studied, the 
median chromosome index for the bronchial biopsies was 1.41 (range, 1.04-1.61) 
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and the median chromosome polysomy index was 2.0% (range 0^8.7%). This can be 
compared to a mean chromosome index between 1.2-1.4 for lymphocytes and very 
rare chromosome polysomy. Interestingly, the intrasubject variability in chromo- 
some instability was relatively low in most subjects and was less than the intersub- 
ject variability. These results suggested that chronic smokers harbor detectable 
chromosome instability throughout the accessible bronchial tree (supporting the 
field carcinogenesis notion) and that information from one biopsy site might yield 
representative information for the rest of the lung field. 

Since most of the current smokers exhibited bronchial metaplasia in at least one 
of the biopsied sites, this allowed us to examine the relationship between chromo- 
some instability and histologic changes, both on a site-by-site basis and on a per case 
basis. On a site-by-site basis, the chromosome indices of lesions showing squamous 
metaplasia were similar to those not showing metaplasia (i.e., median 1 .43 vs. 1 .43), 
and the degree of chromosome polysomy in metaplastic lesions were only slightly 
higher than in non-metaplastic sites (medians: 2.2% vs. 1.8%, respectively). Thus, 
the presence or absence of squamous metaplasia at a biopsy site does not necessarily 
correlate with the degree of underlying genomic instability. On the other hand, those 
subjects with metaplasia indices of at least 15% also showed higher levels of chro- 
mosome polysomy than did subjects with metaplasia index below 15% (medians: 
2.4% vs. 1.8%. d - 0.005>: Thus, ft p^e c h r^mi^ m f in abili t y assessments in cur-_ 
rent smokers appeared to reflect a more global process in the lung field. 

Tobacco exposure has been shown to significantly increase the risk of developing 
lung cancer, and the degree of risk is related to the extent of tobacco exposure. We 
were interested in determining the relationship between individuals' smoking histo- 
ry parameters and the levels of chromosome change found in their lungs following 
years of tobacco exposure. While there was significant intersubject variation for sim- 
ilar tobacco exposure histories, overall there was a significant correlation between 
the degree of chromosome polysomy and the intensity of ongoing tobacco exposure 
(packs/day, p = 0.02 on a per site basis) and with the extent of tobacco exposure 
(pack-years, p = 0.003). Thus the amount of chromosome polysomy reflects the 
intensity and extent of tobacco exposure. At the same time, individuals with similar 
smoking histories showed widely divergent amounts of chromosome polysomy, pos- 
sibly reflecting differences in intrinsic sensitivity between subjects. There was also 
strong correlation between the chromosome index and the duration of the smoking 
history (smoking years) and total accumulated exposure (pack-years, p = 0.0001). 
These results suggest that tobacco exposure is associated with the initiation and 
accumulation of chromosome instability in the exposed lung; however individuals 
are differentially sensitive to carcinogenic insult. The working hypothesis is that 
those individuals who accumulate the highest degree of chromosome changes will 
be at the highest lung cancer risk. 

Many of the bronchial biopsies from chronic smokers examined by in situ hybrid- 
ization showed a rise in the chromosome index above that expected for a diploid ceil 
population, especially in subjects with an extensive smoking history. The rise in 
chromosome index was also accompanied by an increase in the fraction of cells 
exhibiting at least 3 chromosome copies per cell. To determine if a rise in the tissue 
chromosome index was due to clonal expansion of populations with chromosome tri- 
somy, the chromosome copy number and relative coordinates of each cell scored in 
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the bronchial epithelium was recorded and a spatial genetic map was created. 41 We 
then developed algorithms for calculating localized chromosome indices within the 
tissue. Since trisomic clones would have, on average, three chromosomes instead of 
two, those cells involved in neighborhoods with chromosome indices three-halves 
that of diploid populations could be marked as being part of a trisomic clone. Simi- 
larly, groups of cells with chromosome indices half that of diploid populations could 
be marked as being part of a monosomic clone. This allowed the generation of a sec- 
ond-order, two-dimensional genetic map representation of the bronchial epithelium 
showing the relative locations of cells involved in monosomic and trisomic clonal 
outgrowths. When adjacent tissue sections from the same bronchial biopsy were 
probed separately for different chromosomes, the detected clones appeared to occu- 
py separate subregions of the epithelium. This result suggests that not only are the 
lungs of chronic smokers undergoing a process of genetic instability, they are expe- 
riencing the outgrowth of multiple clones throughout the exposed lung field, as pos- 
tulated by the models shown in Figures 1 and 2. One advantage of this clonal 
approach is that the contribution of both monosomic and multisomic clones can be 
detected. 

Since smoking cessation has been suggested to reduce the lung cancer risk, it was 
of interest to determine whether the levels of chromosome instability would decrease 
following smoking cessation. This question w as possible to examine because our 
third sequential chemoprevention trial involved subjects who had discontinued 
smoking. So far, more than 220 subjects (more than 650 biopsies) who have quit 
smoking (mean 9.9 quit-years) have been evaluated for chromosome instability in 
their lungs. Despite the fact that the mean metaplasia index in this group is 5.8% 
(considerably less than that in current smokers), chromosome instability is still 
observed in the majority of subjects. 42 While the mean chromosome polysomy level 
is reduced to 1.0%, some individuals continue to show polysomy levels above 5%. 
Interestingly, while the overall chromosome polysomy levels were reduced in these 
individuals who stopped smoking, the mean chromosome index remained at about 
1.4 with some individuals exhibiting chromosome indices as high as 1.8. Initial chro- 
mosome mapping studies suggest that while random chromosome instability seems 
to decrease following smoking cessation, the clonal outgrowths may remain for 
many years in the lung. The working hypothesis is that those individuals who show 
the greatest degree of remaining chromosome instability are at the highest lung can- 
cer risk despite smoking cessation. Long-term follow-up on these subjects will be 
necessary to test this hypothesis. 



SUMMARY AND CONCLUSIONS 

Aerodigestive tract tumorigenesis appears to be a multistep process taking place 
throughout the tissue fields of exposure. When viewed in the context of chromosome 
changes, carcinogen exposure appears to be associated with the random acquisition 
of chromosome polysomy throughout the exposed field, the degree of which is relat- 
ed to the degree and extent of carcinogen exposure as well as to the instririsic suscep- 
tibility of the exposed individual. Continued exposure leads to continued acquisition 
of new changes and, in association with chronic wound-healing processes, to the 
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accumulation of clonal outgrowths throughout the target tissue. Although the ulti- 
mate malignancy may occur in only one or few tissue sites, manifestations of the 
instability process that drives tumorigenesis is globally present in the tissue. Thus 
random biopsies may provide useful risk information for the exposed field as a 
whole. Even when carcinogen exposure is reduced or chemopreventive strategies are 
initiated and histologic manifestations of the tumorigenesis process subside, the 
generic scars of prior exposure remain in the* form of clonal outgrowths and may 
explain continued lung cancer risk in ex-smokers. Future chemoprevention strategies 
need to focus on reducing the degree of chromosome instability and on trying to 
eliminate residual abnormal clonal outgrowths in the aerodigestive tract. In this set- 
ting, the measurement of chromosome instability in the target tissue will be useful in 
assessing cancer risk as well as response to intervention. 
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